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Soil erosion caused by rainfall is a very complex physical process. 
To evaluate the mechanism of erosion so that an assessment can be made 
of the extent to which it may be controlled necessarily begins with an 
understanding of the basic fundamental factors involved. The purpose. 
of this study involves the development of an insieht of the relative 
importance of the roles played by various contributors to the erosion 
process. Particular emphasis is placed on the contribution of rainfall 
detached soil to total soil loss. 
Three soil types, Barnes loam, Crofton silt loam and Central sandy 
loam, were prepared with preformed rills in a laboratory plot and 
subjected to simulated rainfall. During rainfall application, determin­
ations were made of the exact source of all soil that was detached and 
carried off the plot. The mode of transport by splash or by surface 
flow , of that detached soil, was ascertained. Since transportation of 
most detached soil particles is directly related to runoff, the role of 
infiltration and runoff was also investigated extensively. Infiltration 
rates w ere found to vary, being greater in plot areas w ithin the rills 
than betw een the rills. This appeared to be a result of rainfall 
impact forming a w ell defined and impervious surfnce-seal in the areas 
xiii 
outside the rills. Within the rills, a layer of flowing runoff water 
acted as a buffer between the soil surface and the impacting waterdrops, 
thus impeding the formation of an effective surface seal. 
In order to determine if rainfall impact or surface runoff was the 
prime source of energ y for soil detachment, simulated rainfall was 
applied both with natural energ y and with most of the energ y removed. 
Removal of 89 percent of the energ y of  impact without reducing the 
application rate decreased soil losses by 9 0  percent or more, indicating 
that the energy of impact of falling raindrops is the major force 
initiating soil detachment. 
Erosion rates within the rills were nearly identical to the rates 
of erosion in the areas between the rills when using a cohesive soil 
such as a Barnes loam . For less cohesive soils, such as Crofton silt 
loam and Central sandy loam, flowing water increased the rates of 
erosion in the rills over that in areas between rills. However, even on 
these soils rainfall energ y was s till the dominant force initiating 
erosion. 
Mode of transport of detached soil particles was separated into 
two portions, that transported in drop splash alone and that transported 
by a combined action of surface flow ·and splash. E ven thoug h the normal 
rainfall impact energ y was reduced, at least 80  to 9 0  percent of the soil 
transported off the areas between the rills was carried by combined 
surface flow end splash. This was transported either to the rills or off 
the lower end of the plot. The remainder was transported by splash 
action alone. 
xiv 
The susceptibility of a soil to splash erosion or rill erosion is 
an important physical parameter of a soil. The three soils tested in 
this study includ�d a wide rang e of physical characteristics, with no 
single measured parameter being sufficient to adequately indicate a 
soil's susceptibility to splash or rill erosion. The characteristic of 
cohesiveness of a soil provides a superior sing le indicator of this. 
However, if such a parameter is to be used, there is a need for a 
means of accurately describing the cohesive properties of a soil. 
INTRODUCTION 
Erosion of cultivated lands by water has always concerned land­
owners. It not oply results in the irreparable loss of soil that has 
usually taken thousands of years to form, but contributes heavily to 
suspended solids pollution and adds to the dissolved solids problem. 
It also frequently damages the area where eroded sediment comes to 
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rest, such as in the silting of lakes and reservoirs. About 739 million 
acres, almost one-half of the non-Federal rural land in the United States, 
are either damaged by erosion or susceptible to erosion damage. In the 
Lake States, Com Belt, and Northern Plains region, which comprise the 
major food production area of the country, slightly more than one-half 
of the land with a dominant erosion problem is used for cultivated crops. 
Erosion is the dominant conservation problem on over 13, 8 17, 0 0 0  acres 
in-Minnesota and South Dakota alone and more than 9 , 660 , 0 0 0  acres of 
this land suffers from accelerated erosion due to inadequate or 
nonexistent erosion control measures (63,  9 6). Similar figures apply to 
most other states in the Midwest. 
These figures indicate the need for increased implementation of 
the many means we currently have available for combating erosion. Two 
out of every three acres in Minnesota alone currently are in need of 
one or more conservation measures, while 8 out of every 1 0  acres of 
cropland need some form of conservation treatment (63). 
However, many of the means we have available for controlling 
erosion were developed years ago and were designed to fit in with 
methods of farming in practice at the time. In recent years, current 
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needs and modern farming techniques and practices _have changed consider­
ably and many of the more effective means of soil erosion control in 
the past have become incompatible with the current new farming methods. 
Because of this, there is an immediate need for more research into the 
development of agricultural practices that minimize erosion loss3s and 
yet remain compatible with today's modern farming techniques. This 
research needs to begin with gaining a better understanding of the 
basic mechanisms involved in the erosion process. 
Besides agriculture, major land modification results from highway 
construction, housing developments, industrial development, surface 
mining, and other enterprises. These result in the disturbance of more 
than one million acres of land in the United States every year. The 
completion of the 41, 000  miles of Federal Interstate Highway System and 
improvement of 7 50 , 000  miles of primary and secondary roads in the 
country will provide a potentially erodible roadside area of upwards of 
17 million acres (21). This does not include any existing or planned 
unpaved farm to market roads. Sediment production from these areas is 
detrimental to highway maintenance, drainage systems, streams, reservoirs 
and cultivated bottomlands and is rapidly approaching agriculture's 
contribution in total tons of soil lost per year. Certainly on a per 
acre basis, areas undergoing intensive development can yield many more 
times as much soil loss as comparable ag�icultural areas. Up to 
100 , 000  tons per square mile of sediment yields have been reported from 
some areas (3, 4, 5). 
Until recently the erosion hazards from these ty pes of activity 
have been ignored. Whenever interest in reducing soil losses from 
these activities ,has been display ed by contractors or equipment 
operators, lack of information on basic principles has hampered any 
progress. 
Any research along this line, attempting to discover how and to 
what extent the phy sical process of erosion may be controlled, either 
under agricultural or non-agricultural conditions, must necessarily 
begin with a study of the basic process of erosion. Only with a good 
tmderstanding of the fundamental factors involved in the erosion 
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process can practical and effective methods be developed for changing or 
controlling these factors. In the past, most erosion studies have been 
field or laboratory experiments aimed at developing empirical relation­
ships involving soil loss and other factors such as cropping and manage-
ment practices, topography, etc. Only recently has a concerted researcl1 
effort been directed toward the understanding of the basic mechanics of 
the erosion process. This approach involves study ing the fundamental 
physical forces and processes involved and describing them in terms of 
basic hydraulic, physical, chemical, and meteorological principles. 
Due to the complexity of the problem, any practical approach first 
begins with trying to break down the overall process into several 
subprocesses which can be studied individually. Soil erosion was first 
defined (26) as consisting of two principal, sequential events -- first, 
the detachment of soil particles from the soil mass and second, the 
transport of these detached particles by some media. More recently , 
this general conception of the process of soil erosion by rainfall has 
been broken down further into four phases -- the detachment of soil 
particles by raindrop impact, the detachment of soil particles by 
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flowing runoff, the transport of detached particles by raindrop splash 
action, and the transport of detached particles by runoff (54). These 
four subr1rocesses form the basis of a mathematical model of the s oil 
erosion process currently being developed by a team of Agricultural 
Research Service scientists working in conjunction with several federally 
supported agricultural experiment stations. The model is intended to 
describe t�ese four phases using fundamental hydraulic, hydrologic, 
meteorologic, and other physical relationships as well as parameters 
describing the soil properties which influence their erodibility. 
Reliable data directly applicable to each specific phase are scarce. 
However, as a starting point, there are several empirical relationships 
which have been developed and some related data which have been gathered 
that can be used in the preliminary approach to the model. 
One question of importance is the relative significance of the 
contributions made by each of these four phases to the total erosion 
process. Most past studies of erosion have measured or considered only 
total erosion and have failed to differentiate between the effects 
of the causative sources, raindrop impact and flowing runoff. 
Depending upon the soil, topographic, and climatic conditions existing 
at any particular time, either of these two items can be the limiting 
or controlling factor in the erosion process in determining how much 
soil is detached or transported. 
It is the purpose of this study to develop an insight as to the 
relative importance of the roles played by the various �ontributors 
to the erosion prpcess. Specifically, it is intended to determine the 
contribution of rainfall- detached soil to the total soil loss from a 
plot which is subjected to simulated rainfall as well as to determine 
the relative quantities of detached material originating in rills and 
the areas between rills. This information will be useful in aiding 
in the development of mathematical models for inclusion in a computer 
simulation of the erosion system. 
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REVIEW OF LITERATURE 
Erosion Research 
Research on erosion by water and by wind began in this country in 
an organ ized fashion around the turn of the century. Prior to that, 
most erosion research of any significance had been accomplished in 
Germany. Not until the late 19 20 's and early 19 30 's did a systematic 
approach to sofl erosion research gain much popular support in the 
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United States. It was in 19 33 that the Soil Erosion Service was first 
established in the Department of The Interior to set up demonstration 
projects on watersheds. Two years later the Soil Erosion Service was 
transferred to the Department of Agriculture, where all erosion 
activities were consolidated in a new agency called the Soil Conservation 
Service. This agency began developing a program for the control of soil 
erosion by water by gathering knowledge con cerned with runoff and soil 
losses from fields under natural weather conditions. 
At first there were two general approaches to soil erosion research. 
One consis ted primarily of field studies whereby the many factors 
thought to influence erosion by water, such as certain rainfall 
characteristics, topography, vegetation, tillage and cropping practices, 
and soil characteristics, were varied and tested in different 
combinations under natural rainfall conditions. This approach made up 
the bulk of the early research work done on soil erosion and still plays 
a major role in soil conservation research. From this type of approach 
are established empirical relationships between soil loss and the 
variables being tested. 
Later on, as data began to accumulate, attempts were made to 
analyze and organize it into such a fashion as to produce a predictive 
relation between soil loss and the factors controlling it. These 
resulted in the de velopment of several empirical equations. One of the 
first of these prediction equations was de veloped by Zingg (120), who 
related soil loss to length and steepness of slope. Neal, in 1938, 
related soil loss to the 0.7 power of slope, the 2.2 power of rainfall 
intensity and 1.0 power of rainfall duration (74). Before long, other 
prediction equations were developed by other researchers and included 
the empirical evaluation of soil loss with other factors such as crop, 
soil type, and management practices (13, 92, 93, 94, 97, 104, 120). 
In 195 8, Wischmeier and Smith (112, 114), using accumulated data 
from more than 8000-plot years, de veloped what is now known as the 
Universal Soil Loss Equation as follows: 
A= RKLSCP 
where A= annual soil loss in tons per acre 
R = rainfall factor 
K = soil erodibility factor 
L = slope length factor 
S = slope steepness factor 
C = cropping management practice factor 
P = erosion control practice factor 
This equation is significant in that it incorporates a rainfall 
factor which is capable of quantitatively characterizing the erosi ve 
potential of rainfall (113). When values for the factors in the 
equation were evaluated, this equation was adopted for use by the Soil 
Conservation Service for use in soil loss estimation and conservation 
planning (103, 107, 108, 109, 110, 111). It is still being used and 
is doing excellent service. However, it is still based on solely 
empirical relationships between soil loss and the factors listed. 
Further advancement in soil conservation must necessarily depend on 
more complete knowledge of the basic mechanics of the erosion system 
considering all of the many variables involved. 
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The second general approach to soil erosion research involved 
analyzing and evaluating all of the physical forces and processes 
involved in the erosion phenomenon and designing control practices based 
on the principles discovered. This approach proceeded more slowly than 
the empirical approach. Not until 1936 did it become recognized that 
a complete understanding of the fundamental factors involved in the 
erosion process was necessary in order to accomplish the objectives 
of a soil conservation program (19). 
Some of the first significant work done on raindrop characteristics 
was by Laws and Parsons in the early 1940's (41, 42, 43, 81, 82, 83) 
who used a flour method of drop size measurement and showed that median 
drop size increases with rainfall intensity. They also measured fall 
velocity of raindrops using photo equipment. Gunn and Kinzer (35) used 
electronic techniques to measure terminal velocity of waterdrops and 
Mihara (62) used photographic methods to get similar measurements. 
About this time, evidence was being gathered which indicated the 
importcnce of raindrop impact in the erosion process. Work by Borst 
9 
and Woodburn (10) showed that using straw mulch to intercept raindrop 
impact could reduce erosion by 95 percent. Sreenivas, et al. , also 
related soil detaehment to the effect of cover and of mulching ,  finding 
soil detachment decreased with percent cover and increased with height 
of cover (9 8). 
Splash susceptibility is an important physical property of any 
soil and is related to a number of different soil characteristics such 
as particle size, antecedent moisture, etc. (84, 1 15). McCalla found 
that actual number of drops required to destroy a soil clod increased 
with a reduction in either soil or water temperature an d  decreased w ith 
w et soil compared to a dry soil (50 ). Ekern and Muckenhirn (25) 
developed a relationship between the percentage slope and the s oil 
fraction moved downslope where the fraction of soil movement in the 
down slope direction by splash alone was equal to 50 plus 0. 9 4  times the 
percent slope. From the w ork of Mihara (62), the actual distance and 
height traveled by splash droplets is dependent upon the velocity of the 
impacting drop and the soil surface condition. Using drops from O . 5  to 
6. 0 Illlll in diameter, he found maximum distances splashed varying from 
37 inches on cultivated soil to 59 inches on compacted soil while splash 
heig ht rang ed from 12 to 24 inches. Ellison (27) reported splash 
distanc�s up to 60 inches from a 5. 9 rrnn diameter drop falling at a rate 
of 18 fps. 
Since erosion is a work process involving the expenditure of 
erterg y, and falling raindrops provide a main source of this energ y, the 
. study of rainfall energy and pressure distribution has been undertaken 
by several researchers (29 , 38, 39 , 85, 89 , 9 1). Hudson (38) tried to 
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measure kinetic energy first by measuring the amount of energy dissipated 
as rain made contact with the inclined blades of a rotating fan, and 
second, by using� diaphragm connected to a sensitive microphone to 
measure the sound of impacting drops and relating this to kinetic 
energy. The relationship KE -- 9 16 + log 10 (I), where KE is kinetic 
energy in foot tons per acre inch and I is rainfall intensity in inches 
per hour, was determined by Smith and Wischmeier (9 1) using data of Laws 
and Parsons. Rogers (86) has shown this to be a rather good approximation 
of the relationship between kinetic energy and rainfall intensity. 
although Mihara (62) reported a much lower k inetic energy-rainfall 
intensity relationship. 
Measurements of the impact pressures of raindrops have been 
attempted (38,  78, 79 )  with no great degree of success. Several 
theoretical approaches to i.mpact pressure have been mc1.de and a comparison 
of some of the various theories was made by Mutchler (69). This 
included plane wave theory, Bernoulli's equation of flow for incompress-
ible fluids, and two different forms of the impulse - momentum 
principle. Calculating for a 6-rnm waterdrop falling on a surface at an 
impact velocity equal to·a terminal velocity of 9 m/sec, he found the 
maximum pressure, Pmax' ranging from 0.53 x 10
6 dynes per cm2 us ing the 
principle of momentum to 4. 4 x 10 6 dynes/cm2 using plane wave theory. 
A third approach to soil erosion research, the use of silln.llated 
rainfall, began during the 1930's and since then has facilitated and 
significantly accelerated the attainment of meaningful results from the 
first two approaches. Many different methods of simulating rainfall 
have been tested and used since the idea's inception (1, 9 ,  10 , 14, 18, 
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22 , 2 5, 2 8, 46, 57 , 7 1 ,  7 2, 7 7 ,  80 , 81,  99). The first simulators were 
concerned mainly with applying desired amounts and intensities of 
rainfall, since knowledge of actual raindrop characteristics was in­
sufficient to try simulating them. Later, research shed more light on 
the characteristics of falling raindrops and simulators were designed 
which attempted to match their terminal velocities and the drop size 
distribution. 
Three general types of rainfall simulators have evolved -- those 
using hanging yarns to fonn the waterdrops, those using tubing tips, 
and those using nozzles (7 0) . The first two types have generally been 
restricted to laboratory or small scale investigations because of their 
inherent limitations, such as the height of the drop former above the 
surface necessary to attain terminal velocity of a drop and the large 
number of drop formers per unit area required to simulate rainfall . 
These are best suited to intensive detailed studies of the effects of 
particular rainfall characteristics. The third type, using nozzles to 
form the waterdrops, offers the best opportunity to duplicate the drop 
distribution of rainfall and is best suited for large-plot erosion 
studies. Most of the devices of this type, however, have one common 
weakness. Due to the unavailability of suitable nozzles, produced 
drops are either much smaller than those found in natural rainfall or 
velocities are much lower. Major advances in nozzle design and 
selection began with the interest given to rainfall simulation by the 
Soil Conservation Service and the National Bureau of-Standards as 
described by Parsons (81). This resulted in the development of the 
well-known types D, E, and·F rainfall simulator nozzles. 
In 1958, Meyers and McCune (5 7) developed a ra infall simulator 
called a ra iaulator wh ich could a pply drops un ifo rmly on three or  
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four f ield plots simultaneously. It used 80 100 Veejet commercial 
no zzles capable of produc ing drop size dis trib utions and term inal 
veloc ities closely approximat ing that of natural rainfall. At the 
inten sities which th is simulator is capable of produc ing , the rain fall 
energy imparted to the soil surface is about 80 percent of that of 
natural rainf all a t  s imilar intensities (55). So il and wate r losses 
procured with a ra inulator have been sh own to be compar ab le to  losses 
incur red under similar con ditions from natur al ra infall (6 , 11 6). 
Bec ause of its proven accuracy ,  a ra inulator was chosen as the tool 
to use in this study. 
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Soil Er odibility 
The effect of the forces and ener gies involved i n impacting 
raindrops depends, great ly on the soil's ability to withs tand them. The 
erodib ility of soils is de pendent on some of the inh e rent soil 
prop ertie s. Thus , t he type of erosion, splas h or run.off,  and the 
degr e e of erosi on de pends in part on the phys ical char acteristics of 
the s oil b eing eroded. Thos e characte risti cs which are mos t significan tly 
related to a s oil' s erodibility have been the s ubject of many studies in 
the pas t 40  years . A mon g the first in this direct i on w er e the 
inves tigations of  Middleton et al. (59 , 69 , 61) who found that the soil 
characteris tics having the best correlat ion with a soil's te nde ncy to 
suspe ns ion percentage erode were th e dis per sion ratio 
percen t s ilt + percent clay 
collo id mois ture e quivalent rat io, eros ion r atio 
dispe rs i on ratio , and the sili ca- s e sq uioxide 
ratio of colloid t o  mois ture equi vale nt 
r atio. Of  thes e, the dispe rsion ratio and the e ros ion r at io were the 
best i ndi ces of a s oi l ' s eros ional behavior . Later, B ouyoucos s uggested 
percent clay t he us e of the clay ratio 
percent s and + percent silt 
criter ion of erodi bilit y (11). Lutz , afte r making an exhaustive 
as a poss ible 
comp arat ive stud y of Davidson clay and Iredell clay, decided that any 
physical property that influe nc es a soil' s permeability or dispers ion is 
a pri me fact or determi ning its erodib ility (47 ,  48) .  
More recently, Mehta (53), in 19 63, concluded that b esides the 
eros i on ratio, the cation exchange capaci t y  (C.E . C.)- also s erves as 
a good guide to soil erodibility under cert ai n conditi ons.  Other 
2 7 4· J O  2 
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properties having s ignificant relati ons hips to s oil erodibility w ere 
percolation rate, clay/mois ture ratio , and Si02/R20 3 ratio. Barnett 
et al. , in a s tudy of s oils in the Southeas t United States , found s oil 
erodibility directly related to s oil texture, initial s oil mois ture, 
depth of the A horizon, b ulk dens ity, p ercent carb on of the s urface 
s oil , the 50 and 20 mic ron s uspens ion percentage, dis pers ion ratio, 
and the clay ratio (7 , 8). Wis chmeier and Mannering concluded that 
s oil texture, organic matter content, s oil pH , s tructure, bulk dens ity, 
pore s pace filled by air, aggregation, and parent material, along with 
various interactions of thes e variables all contributed s ignificantl y 
to s oil loss variance (10 6). 
Soil Crusting and I nfiltration 
One of the sign ificant factors relating to the amount of erosion 
and runoff occurring is the phenomena of s oil crusting. Moldenhauer 
and Long have indicated that the most important factor influencing 
15 
soil loss was the infiltration rate of soil s ( 65), while Epstein and 
Grant have indicated that the erodibility of different soils nay be 
related to the rate and extent to which surface crusts form (31 ). Both 
McIntyre (51, 52) and Tack ett and Pearson (10 1) have indicated that 
surface cru sts reduce infiltration and permeability, thus resu lting 
in increased runoff losses. 
Soil crust formation is a function of the phy sical properties 
of a soil and of the ty pe of rainfall and weathering the soil is 
subjected to. This phenomena has been studied by a number of researchers 
(23 ,  30 , 44, 45, 49 , 64, 67, 7 5, 87). Duley ( 2 3) first proved that the 
fonnation of a crust at the soil surface restricts infiltration by 
apply ing water to a surface covered with a s traw mulch and comparing t he 
infiltration rate to that obtained when the mu lch was removed. Removal 
of th e mulch permitted the formation of a surface crust and a s ubsequent 
decrease in the infiltration rate. Mech ani cal scraping away of the 
surface crust to expose the underly ing uncrusted soil allowed the 
infiltration rate to increase back to its original value. 
16 
Muska t  (6 7), and Mavis and Wilsey (49) made some early inves ti­
ga tions on crus t forma tion on sands and sandy soi ls, as did Lemos and 
Lu tz (45) in 1957 .  S tudies with cohesive soils have shown sharp 
decreases in infiltration ra tes and increases in runoff ra tes due to 
c rus ting (66, 87 , 88) . They have also shown tha t the ra te of soil loss 
is no t cons tan t. Rath er, i t  increas es during the firs t 10 minu tes of 
rainfall, then decreases to a cons tant  ra te . The ra te of this de crease 
is dependen t on the ra te and exten t t�at a surfa ce sea l is produ ced (31 ) . 
There are wide differences among soils in their sus cep tibili ty 
to crusting . As ye t there is n.o comple te defini tion of the soi l 
prope rties, such as s treng th, hardness, a nd perm eabili ty to wa ter , tha t  
gove rn crust chara cteris tics. Tacke tt  and Pe arson ( 101) compared crus ts 
formed by rainfall to crus ts formed by pressure or compa ction and found 
those resulting from r aindrop energy to be much thinner, more defined, 
more dense and impermeable, and wi th a thin seal or skin of well orien ted 
clay on the surfac e. 
The ac tua J. development of a seal and crust and their ef fe cts on 
flow have been inves tiga ted by Bresler and Kemp er (1 2), Sor and Bertrand 
(95), Edwards and Larson (24), and Hillel and Gardner (37).  While the 
forma tion of a seal a nd under lying crust are b elieved to be main ly due 
to the physi cal impac t of raindrops, McIn tyre ( 52) sugges ted tha t the 
momen tum of drops may be more impor tan t than drop energy in the 
forma tion of surface crusts. 
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Erosion Models 
Many valid e mpirical relationships have been dete rmined through 
field erosion studies and laboratory studies relating erosion to the 
various fa ctors which most a ffe ct it. The most pertinent o f  these have 
been cotsolidated into the Universal Soil Loss Equation (1 12), an 
e quation based on more than 30  years o f  data. This equation or model 
is used in the predi ction o f  erosion potential o f  di f ferent soil types 
as modified by land use and treatment. It has be come the ac cepted 
tool for planning land manage ment pra cti ces for the past sever al years. 
So il loss by water, howe ver, is a complex p rocess whi ch depends 
on many fa ctors , such a s  physi cal properties o f  soils, climati c 
fa ctors, topographic features, and factors associated w ith vegetal 
cover. The soil loss equation as such, is limited in its appl icat ion, 
being designed as a model to predict only long term soil losses from 
fields or areas under various combinations o f  mangement conditions. 
The current nee d is for a more sophisticated type o f  computer 
simulation whi ch can be used to predi ct and descr ibe soil loss at any 
particular po int along any slope at a spe ci fi c  time under all possible 
conditions . A su ccessful simula tion wi ll enable the a ccurate estimation 
o f  erosion from an area or a group o f  areas . It will also ac celerate 
erosion resear ch by compressing the time scale o f  the erosion system an d 
allow ing the study o f  the system a cross a full range o f  variables. Also, 
by properly va rying the input fa ctors, intera ctions o f  the variables o f  
the erosion system could be studied , su ch a s  the interaction of erosion 
with infiltration. 
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A computer sim�lation req uires numerous mathematical models 
representing the process es making up the erosion system. P reliminary 
guidelines for a simulation of this type h ave already been establish�d 
by Mey er and W ischmeier (54 ). Suitable mathematical relationships, 
however , are not presently available for inclusion in a simulation of 
t he t ype t hey describe. M uch more work needs to be done on adequatel y 




Standard Plot Design and Layout 
A small standard plot bed was established in a laboratory hous ed in 
a steel building (Figure 1) . The laboratory had sufficient headr oom to 
allow the use of a section of rainulator (55, 57) . The plot bed was 
1.52 m wide by 4. 57 m long and arranged on a set of hydraulic jacks 
which allowed ' it to be tilted so as to establish an y desired slope. 
A 9 percent slope was chosen for the experiment because it corresponded 
with the base slope used for soil loss prediction calculations usin g 
the Universal Soil Loss Equation ( 112). Three types of soils -- a loam, 
silt loam, and sandy loam - - were used in the tests. Soil dept h in all 
tests was 2 1. 59 cm. 
During a preliminary test run , to check out the operation of  the 
equipment, water infiltrated to the bottom of the plot and built up a 
hydrostatic head. Con sequently, a ventilated f loor was installed in the 
bottom of the plot. Ventilation was accomplished by installing a 
subfloor with 0 . 9 5  cm diameter holes drilled on a 5. 0 8  cm grid pattern. 
This subfloor was elevated 3 . 81 cm above the real floor and was overlain 
with a layer of window screen and at least two layers of cheesecloth to 
prevent any downward loss of soil. All water that percolated through 
the s oil during tests was collected and measured. The lower end of the 
plot was equipped with an adjustable sill plate which could be easily 
moved up or down between runs or even during runs if n ecessary. This 
eli min ated most incidences of damming by the sill plate. 
MOTOR 
WATt!R SOLENOI D  
ADJUSTABLE JACKS 
Figure l (t  lot setup 
- TI M ING SWITCH 
CONTROL PANEL 
FRONT GUTTER 
TIME LA?SE CAMERA 
N 
0 
2 1  
The plot frame was made out o f  3 /4 inch plywood with an angle iron 
fr ame and suppor te d on I-bea ms. It was designed to hold 908 kg o f  soil 
with a maximum deflection o f  no more than 0 .025 cm. 
A layer o f  soil 2 1.59 cm deep was put in the plot bed a fter first 
being s ieved through a 2 nnn sieve. This dep th was purposely chosen to 
correspond to a p low layer of soil in the field. The purpose of  the 
sieving was to remove rocks and large clo ds, thus making it easier to 
get a reproducible soil sur face condition between treatments and 
repl i.cations. The soil layer was ta mped to approximate the bulk 
density o f  the surface soil o f  a field which had been plowed and 
disked. The bulk density of  the soil was approximately 1 . 02 g /cc. 
This particular mode o f  soil preparation was based on the premise th at 
a soil which has been plowed , disked , and dragged in the field is a 
"disturbed" soil in much the same sense that the soil in the plot was 
dis turb ed. 
Initially, it was pl anned to start the runs on a smooth soil 
surface , letting a naturally formed rill system or drainage pattP.rn 
develop r andomly under simulated rainfall. A preliminary test run in 
the field (see Appendix B) and several other test runs indoors found 
that a plot this size containing a cohesive material with no  overland 
flow from a bove would not develop any rills e ven a fter prolon ged 
rain fall . Instead , any existing irregularities on the sur face to begin 
with would soon smooth out and there would be sheet flow over the entire 
plot . This resulted in substanti al erosion but no rilling would occur. 
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Normally, for a rill to develop in a field there must be something to 
initiate it, such as a concentration of surface runoff caused by an 
irregularity such as a p ebble. Since this situat ion did not exist in th e 
test plot, no rilling occurred. C onsequently , two f urrows simulating 
natural rills were formed in the soil surface from the top to the botto m 
of the plot (Fig ures 2 and 3 ). These two furrows were spaced symmetri­
cally dividing the plot into three equal areas lengthwise. The · 
trapez oidal shaped furrows measured 3. 81  cm deep with 1 : 3 side slopes 
and a 6. 35 cm top width. The size and shape of the furrows were 
determined from measurements taken of rills formed naturally under 
simulated rainfall in a study of soil movement and rill formation 
conducted in 19 67  (1 1 8). They represent rills formed approximately 4. 57 
to 9 . 14 m downslope from the top of a 22. 86 m long rainulator plot. 
Figure 4 is  a cross sectional view of the plot surface showing the 
dimensions of the two rills or furrows. 
I n  order to further simulate realistic field conditions, a small 
flow of water (0 . 0 0 2  cfs) was introduced into the upper end of each 
furrow. The amount of water introduced was based on data from a 
past study of soil and water movement in small tillage induced 
channel s (117). A small reciprocating pump was used to supply the 
water to the furrows from a reservoir. This flow would be turned on 
10 minutes after the beginning of the apr lication of simulated rainfall. 
The time interval of 10 minutes was based on the amo�nt of time required 
for. this quan tity of flow to build up in a rill of this size as 
determined fro m field measurements. The amount of water in th e 
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reservoir was measured before and after the run a$ a check on the flow 
r ate introduced into the rills. 
The plot was equ ipped with collection troughs on all four sides. 
for collecting and measuring all soil and water lost fr om the plot due 
f 
to splash. There were also troughs for collecting and isolating all 
sur face runoff an d  soil loss fr om the r ills an<l the areas between the 
rills (Figure 1). For the first two rep lications, the collection 
trough at the end of the plot collecte·d all the water and soil coming 
off the areas between the rills in one barrel and all ' the water coming 
off eac h r ill in two separate barrels. For the last replication, the 
collection trough was divided so that the runoff from each of the 
three areas betw een the r ills was kept separate. 
Small P lot Layout 
In or der to examine more closely t he infiltration and drai nage 
c haracteristics of the soils tested, a small 61 cm by 61 cm plot was 
esta blished (Figure 5). This plot was prepared in the same manner and 
had the same char acteristics as the large standard plot except for 
total area. One rill of the same cross sectional dimensions as those 
in the stan dard plot was formed in this small p lot. Simulated rainfall 
was app lied to this plot bed three different times for a period of 
5 to 6 hours to assure the establishment of equilibrium conditions. 
Barnes soil was used each time. 
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. Soils 
The expe rimen t was condu cted on three diffe ren t soil  types --
a Ba rnes loam , a Crofton silt loam , and a Cen tra l  sandy lo am . De tai led 
soi l descrip tions of these soi ls appea r in the appendix . 
Crofton si lt loam is a deep loess soi l ,  very unifo rm to a dep th 
of a t  leas t 1 .5 m ,  and is found ex tensively� in sou theas te rn  Sou th 
Dako ta , sou thw es te rn Minneso ta , and no rthwes tern Iowa. 
The Ba rnes soi ls a re well drained cherno zems deve loped on 
ca l ca reous lo am and clay loam g la cia l till of Manka to age . They 
comp rise app roxima te ly six mi llion he ctares in wes te rn  Minneso ta and 
the easte rn Dako tas . 
The Cen tra l  series consis ts of ex cessively drained, da rk co lo red , 
sandy soi ls lying prima rily a long rive rs , te rra ces, and �n ou twash 
a reas, and o ccasionally o ccu rs in up land a reas. They a re highly 
permeab le soils wi th re la tively high infi ltra tion ra tes an d low wate r 
ho lding capa ci ty. 
Rainfa ll Simu la tion 
Wa ter was app lied to the plo t  wi th a rainulato r (57) . A sec tion 
of s tanda rd rainu la to r was modified to perfo rm i ndoo rs ove r a sma ll 
152 . 4  by 45 7 . 2 cm p lo t .  The energy of the simu lated rainfa ll was 
compa rab le to natura l  rainfa ll energy, but in o rde r to get the prope r 
distribution o f  rainfa ll and the desire d  appli ca tion rates , i t  was 
ne cessa ry to revise the timing and the o rien tation of the rainula to r 
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noz z les. When the test plot with all o f  its related equipment was set 
up, 52  c alibration runs were made with the rainulator before a 
sat isfactory un iformity of applicat ion o f  water was obtained. 
Using Christiansen 's coefficient o f  uniformity ( 17) where 
Cu = 100 [ 1 - l:� xi ] 
and Cu = uni fo rm ity coeffi cient 
m = mean va lue o f  a ll observations 
n = number o f  observations 
x·= deviation o f  an individaul observation from the mean 
The ra inulator appl ied simulated rainfal l at an intensity o f  
[ 1 ] 
4 . 47 cm per hour with a distribution patte rn having a coeff icient o f  
uniformity o f  86 . 6  (See Appendix for calc ulat ion o f  Cu) . _ This compares 
favorably with the un i fo rmity o f  appl ication o f  the standard rainulator 
when used in the field .  It also comp ares favorably with the uni formity 
of  rain fall. 
Rainfall Application 
For each of the first two series of tests, rainfall was applied 
t hree times in the following manner:  
A run 4 . 57 cm per hour for 60 mi nutes 
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B run 4 . 57 cm p er hour for 60 minut es 24 hours after run A, 
with rills sealed 
C run -- 4 . 57 cm per hour for 60 minutes 4 hours after run B, 
with energy dissipated. 
After the " A" run, the soil surface in the rills was s tabilized by 
applying a coating of latex rubber to the surface (F igure 6). The 
material used was DCA-70  Soil S tabilizer and Dust Control Agent mixed 
with water at a ratio of two parts water to one part rubb er ( 73 ) . 
This mi xture was spray ed in the rills usi..� g  a compressed air paint 
spray gun or else painted on with a paint brush. Twenty- four hours 
later, after the rubber had hardened, the " B" run , was made on the plot. 
All soil loss res ulting from this run originated in the areas between 
the rills. Approximately 4 hours after the completion of the "B" run, 
four layers of w indow screen, 1 . 27 cm apart, w ere set up over the pl ot 
w ith the bottom layer 5 . 0 8 cm above the soil (Figure 7 ). W ith the 
screens in place to dissipate mos t of the energy 0 f  drop impact, the 
third i dentical, or " C" ,  rain was applied. The w indow screen reduced 
the terminal velocity of raindrops striking the soil by 51  to 66 
percent f or drops from 2 . 9 to 5 . 6 · Illi7l diameter, respectively, and will 
decrease the kinetic energy by approximately 76  to 89  percent (see 
Ap:p endix C) . 
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The third series of tests differed from the first two in the 
following manner: 
A run 4. 5 7  cm per hour for 165 minutes 
B run 4 . 5 7 cm per hour for 30 minutes 24 hours later 
C run 4 .  5 7  cm per hour for 30 minutes 1 hour later 
The " A" run  was extended to 165 minu tes to assure attainment of 
equilibrium conditions. The length of the "B" and "C" runs was s hortened 
to 30 minutes because, due to the saturat ed condition of the soil, 
equilibrium conditions of runoff and soil loss were reached very quickly, 
making it unnecessary to apply rainfall for any longer period of time. 
Measurements 
Runoff and Soil Loss 
During each rainulator test all soil and water coming off the 
plot was collected and measured. Samples were taken every 2 minutes 
from each of the rills and every 3 minutes from the area between the 
rills. All sampl es were taken for 20 seconds. These were then 
analyzed for se_diment content by weighing the wet sample, drying it 
in an oven, and then weighing the dry sample. Values obtained were 
used to determine soil and water loss rates. Run. off that was not 
collected in the s ampling process was· accumulated in large containers, 
keeping the mat erial from the rills separate from that coming from th·e 
area b etween the _ rills. The containers were weighed immediately aft er 
the conclusion of the run, decanted, dried, and rewei-ghed for a measure 
of total soil and water loss. 
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All of the s oil and water s plashed off the plot was caught in 
four collection troughs on the top, bottom, and two sides of the plot, 
each of which emptied into a separate barrel. These were also weighed, 
dried, and reweighed to determine the amount of soil and water lost 
�rom the plot due to splash action as well as the net movement of soil 
off the plot resulting from splash . Periodic 60 -second samples were 
also taken from the splash collection troughs for rate determinations. 
Flow Velocities 
Once surface ru�off began on the plot, flow velocities both in the 
rill and on the surface between the rills were me&sur ed. This was 
done by inj ecting a dye solution into the flow at various points in the 
plot and then measuring the rate of advance of the dye front with a 
stop watch (Figure 8). String markers were laid out every 60 . 9 6 cm and 
the time it took the dye to traverse each 60 . 9 6  cm section was recorded. 
Velocity measurements were made every 5 minutes after runoff began. 
The dye solution .consisted of one part uranine to 10 0 parts 
deionized water. Since rough measurements indicated that an y  dye 
advance in water due to diffusion was less than 1 . 2 m in 24 hours, 
there was no correction made for diffusion rate. 
Soil Water Tensions 
Small, rapid response tensiometers were developed for measuring 
the matric potential across the developing surface seal or crust (Figure 
9 ). These were made by bonding 10 micron stainless steel woven wire 
mesh, rolled into small cy linders 2. 54 cm long, and 3 nnn in diameter 
to s tainles s s teel tub ing leadouts. They were placed at depths of 1, 
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5 ,  and 10 cm below the r ills and at the same depth� in the areas 
between the rills. These tensiometers were connected to a type Wl 
fluid sw itch wafer ( Scanivalve) (Figure 10) which in turn was connect ed 
to a Stath am unbonded strain gage differential pressur e transducer , 
model PM722TC. The transducer output was read in millivolts on a Dana 
Model 4432 digital voltmeter. Excitation voltage for the transducer 
was provided with a Honeywell Accudata 105 gage control unit (Figure 11) .  
The tensiometer responses were monitored continuously throughout 
all tests. 
Since, f or the " C" run s, screen b arriers were set u p  to intercept 
most of the energy of the raindrops, the formation of a crust woul d 
probably b e  altered, thus chan ging t he whol e flow regime of the plot.  
T he tensiometer r eadings were used to help explain or relate any 
differences i n  results stennning from this change. 
Pressures 
Under certain conditions of saturation or near satur ation in the 
field, it is possible to get a buildup of air pressure in the soil 
underneath the wetted top lay er .  In some instances, pres sures of up 
to 80 cm of water have been measured (34). This was an adde d reason 
for the ventilation of the floor of the plot bed. With a small area 
containing only 6. 9 7  square m and on which a comparatively limited 
amount of water n eeded to be applied to fulfill the obj ectives of the 
study , it was unlikely that excessively high buildups of air pressure 
Fi ure 10 . Sea va l e with tens 1 
ig re l .  l r n s f  r o i ori g t 
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would be encountered. N ev ertheless, a tap for a micromano meter was 
installed near th e bottom of t he soil layer at th e lower end o f  the 
plot to monitor any significant changes in air pressure. 
Random Rou ghness 
I n  order to minimize initial differences bet ween tests, all 
soil was sieved thr ou gh a 2 mm sieve prior to spreading in the plot 
36 
bed . The soil was laid in  layers and each layer tamp ed to the desired 
degree of compaction. Soi l core samples were then taken for the 
determination of bulk density and antecedent soil moisture. Measur ements 
of random roughness were made to characterize the soil surface condi­
tions . Rough ness measurements w ere made with a microrelief meter 
(Figur e 12 ) (2 , 15). These measure ments were taken before each " A" run 
at t hre e diffe rent locations with in th e plot and repeat ed af ter the 
"A" runs and a gain after th e "C" runs. 
Rill Measurements 
The microrelief meter, while giving a good indication of the 
random rough ness of the soil surface for purposes of characterizing 
the surface conditions of each test plot, cannot provide sufficient 
accuracy  for micromeasurement. Its points of measurement on a 5. 1 cm 
grid are too far apart to gi ve an accurate picture of the shape of  the 
actual rills. Theref ore , a ril l meter was constructed based on the 
design of one made by L.  D .  Meyer for a similar study at Purdue 
University (58). The rill meter has its points of measurement 6. 35 mm 
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apart and measures over a total width of 30 . 48 cm (Figure 13 ). This 
provides a means of obtaining an accur ate representation of the cross 
sectional shape of a rill or furrow. 
The rill meter was used to measure the cross sectional area of 
the rills in the te st plot at three locations within the plot before 
and after each " A" run . Since the rills were stabilized for the 
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"B" and " C" runs, there was no further change in rill shape and, ' hence, 
no need to repeat the measurements after the initial runs. Rill meter 
readings were recorded by photographing the pin settings at each 
location. The photographs were later projected onto a tracing table 
where the cross sectional profiles of the rills were traced. By 
s uperimposing the before and after profiles and planimetering the 
diffe rences, i t  was possible to accurat ely measure the change in rill 
volume resulting from the " A" runs. 
Time Lapse Phot ography 
Time lapse pictures at the rate of one frame per 2 seconds with a 
16 nun movie camera were taken of the plot surface during the entire 
series of runs. Thes e photos served as a general record of the chan ges 
which d eveloped during a run. Measurements were also taken from the 
f ilm of the wid th of the water surface in the rills at various times 
during each run. This information, combined with d etailed rill shape 
measurements taken with the rill meter, flow velocity data, and rill 
flow discharge d ata was used to calculate the approximate depth of flow 
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in the rills. These films, together with other time lapse movies taken 
in the field during other studies, serve a useful purpose in later 
analysis of rill ?evelopment. 
Bulk Density and Soil Moisture Content 
After spreading and tamping the soil in the plot bed and forming 
the surface rills, at least two cores to determine bulk dens ity 
were taken from the plot in the area b etween the rills an d at least two 
were taken in the rills themselves. These cores also served as moisture 
samples, indicating the percent antecedent moisture in the soil prior 
to the tests. Approximately 24 hours after the " A" runs , or just before 
the "B "  runs, another set of bulk density and moisture measurements were 
made, with a third determination 24 hours after the "C" runs were 
completed. Bulk de nsity measurements were used, along with soil loss, 
rill meter, an d microrelief measurements, to calculate u et change of 
soil volwne in the plots. 
Particle Size Analysis 
To obtain informatidn on expected aggregate diameters and densities 
of eroded soil material for establishing an express ion for soil transport 
by raindrop splash, periodic on- the- spot mechanical analyses of the 
runoff from the plots were made. This was done by taking a runoff sample 
every 5 ntl nutes during the run and subjecting it immediately to a standard 
mechanical analysis using an ASTM 152 hydrometer (20). While the standard 
procedure can not be followed precisely when performing a spot analysis 
in the field, a modification of t he procedure can be used with satisfactory 
results ( 100 , 10 5). Hydrometer readings were taken on each sample at 
40 seconds, 4 minutes, 1 hour, and 2 hours for particle siz es 50-20 
micron s, 20-5 microns, 5-2 microns, and less than 2 microns, 
respectively. 
Soil Physical Measurements 
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As the soil was being sieved and loaded in the plot bed, a portion 
of the soil was sampled and pres erved for further analysis. This soil was 
then subjected to a series of measurements to determine the physical 
characteristics of the soil being used in each test. This enabled a 
comparison of soil characteristics between plot b eds, thus serving as an 
aid in explaining any expected variations that mi ght result betwe en soil 
types. A difference that might occur between replications could also be 
explained. Standard laboratory procedures were used for all soil physical 
measurements. 
Soil pene trometer readings were made on the soil surface of the 
plot in order to measure the rate and degree of crust formation (Figure 
14). This was done by placing the penetrometer needle just at th e surface 
of the soil, releasing it and allowing it to settle for 5 seconds. The 
measure of penetration was recorded in millimeters. The blunt tipped 
needle had a diameter of 0 . 318 cm and weighed 67.1 5  g. The readings 
would be related to and s erve as a c heck on the accuracy o f  the 
tensiometer readings. W hile wetting the soil for one hour, small, 
metal covers, 7 . 6 2  cm in diameter, were set out every 5 minutes in the 
plot in the rills and in th e area between the rills. After the comple­
tion of the run, the covers were removed and penet rometer measurements 
were made on the soil surface underneath. 
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Figur 14 . Soi l  enetromet r 
r 5 .  pa ra tus for m a uring il sw 1 ing 
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Random roughness me as uremen ts and rill volume measurements were 
based on a fixe d point or benchmark. Hence, calculations could be made 
for chan ges in volume which result from three sources: compaction dµe 
to rainfall, soil swelling due to wetting, and actual removal of soil 
due to erosion. Laboratory tests w ere made t o  de te rmine th e exte nt of 
soil swelling upon w etting in the absence of any impacting rainfall or 
eros ion. Figure 15 illustrates the apparatus used to measure the 
amount of soil swelling. 
Measurements of hydraulic conducti vity (KH) were made using the 
falling head method, following the procedure described b y  Klute (40). 
The experimental arrangement is illustrated in Figure 16. KH was 
calculated from t he relationship: 
[ 2 ] 
where KH = hydraulic conductivity, cm per min 
a = the cross sectional are a of the stan dpipe, cm2 
Q, = the length of the sample, cm 
A .,.  = the cross sectional area of th e sample , cm2 
H = h ydraulic head, cm of water 
t = the time for the hydraulic head difference to decre ase 
from H1 to H2 , wi nutes. 
Measured sat urat ed hydraulic conductivities were th at of a layered 
syste m in this cas e s ince the values obtained were affected by the 
conductivity of the porous plates. Coarse grade ceramic plate s 
(porosity XF) were used. 










TO SOURCE OF WATER 
FO ILLING STANDPIPE 
Figure 16 . Apparatus for mea suring sa tura ted hydraul ic 
conduc t ivity-- fa l ling hea d method 
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PRESENTAT ION AND DISCUSSION OF RESULTS 
Soils 
Physical Characteristics 
The three soil ty pes used for testing in th is study we re chosen 
becau se t hey represent three major soil ty pes to be f ou�d in th e area 
of western Minnesota and e aste rn  North and South Dakota. They also 
cover a ran ge of those soil characteristi cs deemed signific ant in 
determinin g  a soi l ' s  tendency to erode . 
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The relative erodibility of a soil is indicated by its K f actor 
( 76 ,  10 6), a factor which ref lects the fact that dif fe rent soils erode 
at diff erent rates when all other fact ors aff ecting e rosion are constan t.  
Considerat ion of the relative erodibility of the th ree s oils tested would 
place Barnes loam as the mos t susceptib le to erosion , Crof ton silt loam 
next, and C en tral sandy loam as the least erodib le, w ith soil erodibility 
f actors of 0 . 32, 0 . 2 8, and 0 . 18 ,  respectively, assigned to them by th e 
Soil Con serv ation Service. 
A comparison of soil physical characteristics of the three soils is 
presented in T able 1 and. Figure 17. A soil ' s c ohesiven ess and resistance 
to erosion are influenced by th e percent of fine p articles, th e clay 
sizes and ty pes, the soil density ,  its degree of cementation ,  and i ts 
moi sture conte nt. Some clay s have a much greater influence on the shear 
strength of a soil than others (10 2). Shear strength can als o b e  
inf luenced by the amount of sand or other coarse materia l present in 
soil. The characteristics shown are some of th ose w hich have been f ound 
to have some relationship with a soil's cohesivenes s  and its tendency to 
· erqde . 
Tab le 1. Soil cha racte ristics 
Ba rnes C rofton 
C lassific ation loam si lt loam 
pe rcent pe rcent 
Organic matte r 5.86 0.5 + 0.3 
Suspension pe rcentage 5 . 6 2 8.50 
Agg regate index 0.13 0.20 
pH 6 .01 8.0 
C lay ratio * 0.23 0 .36 
Dispe rsion ratio t 10. 75 10 .29 
Mechanica l analysis 
pe rcent s and 47.7 17.4 
pe rcent silt 33.8 56.4 
pe rcent c lay 18.5 2 6 . 2  
Soil e rodibility (K) 0. 32 0.28 
facto r (SCS) 
* C lay ratio = ---�p_e_r_c_e_n_t_c_l_a�y ____ _ pe rcent sand + pe rcent silt 
t Dispe rsion ratio = __ s_u_s�p_en_s_i_on_p.._e_r_ce_n_t_a-g_e __ 
pe rcent silt + pe rcent c lay 
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Crofton silt loam is a wind blown loess soil w ith a very deep A 
h orizon, up c o  8 and 9 m deep in  the area under study, and is generally 
considered t o  be very susceptible to rill and gu lley erosion. Barnes 
loam , on the other hand, h as a very shallow A horiz on, seldom more than 
25 cm thick, and while it is subject to very severe surface erosi on, it 
is less pron e  t o  rill and gu lley erosion. Central sandy lo am is a very 
light, well drained soil which is relatively stable on slight slopes but 
erodes severely on steeper slopes. 
T he fact ·that both the Barnes and Crofton soi ls had less soil loss 
t han Central soil in this study, even th ough t he susceptibility of 
Central soil t o  erosion is less as would be supposed by the respective 
soil erodibility or K values, was probably due partly to the design 
of the plot. T he laboratory plot had essentially free drainage under 
the t op 21. 5 cm of all three soils. A Barnes soil in the field is 
underlain by a more impervious sub soil which tends to restrict drainage. 
This normally results in more runoff and consequently, more erosion than 
was obtained in the laboratory plot. Central soil in the field is 
nonnally well drained, having a more pervious s ubsoil, and thus, is more 
comparable to the lab oratory s etup. 
Random Roughness 
Random roughness of the plot was calcu lated from a description of 
t he microrelief of the soil surface as measured with a microrelief 
meter (2). T his measures surface elevations on a 5 . 0 8  by 5 . 0 8 cm grid 
over a 10 1. 6 by 10 1.6 cm area. Random roughness is defined as the 
standard error among the m� asured heights and has units of cent imeters. 
Before computing th e standard error, the heights were express ed 
logarithmically and then adjusted for tillage tool marks extending in 
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a direct ion parallel to the r ow and f or diffe rences of elevat ion due t o  
slope in the d ire ct ion of the row (15 ). Tab le 2 p resents the random 
roughness read ings of a ll pl ots before any water was appl ied . Values 
are averages of read ings taken at three locat ions w ithin each plot. 
Roughn ess of a s oil surface affects the amount of water that c an 
be reta ined or ponded in depress ion s dur ing . ra infa ll. It is re lated t o  
the ease with wh ich a surface seal forms as wel l as to the strength of 
the surface crust. These a re directly re lated t o  the ra tes at wh ich 
so il is deta ched and tr ansported by both dr op splash and surface runoff. 
In this study, it wa s not int ended t o  inc lude surface roughness as a 
variable. Consequen tly , a ll so ils were t reated and prepar ed exactly 
al ike and roughness measurements were ta ken t o  assure rel at ive un if orm ity 
in plot surf ace condit ion between a ll runs . 
Dif ferences in random roughness between soil  types as well as 
betw een repl icat ion s  with in a single soil type were sl ight, the maximum 
difference being approximate ly 0 . 0 87 cm, ind icat ing that the soil surface  
cond it ions pr ior to  a ll tests were very simi lar. The ave rage rand om 
r oughness value f or a ll plots was O .19 1  cm. Th is compa res with an 
ave rage value of 2 . 0 83 cm for a plowed, d isked, and ha rr owed plot in 
the field, ind icat ing th at the soil prepa rat ion procedures left a very 
smooth surface. While the smoothness of this surface made it nruch 
easie r t o  ge t a reproduc ib le in it ial condit ion for a ll tes ts , it wa s 
partly responsible f or the fact tha t n o  nat ura l  rill in g  occurred and 
led to the decision to introduce art if ic ial r il ls t o  s imulate natura l 
condit ions. 
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T ab le 2 .  Random roughness  
ReEli cations 
S oil ty pe 1 2 3 Avg .  
cm cm cm cm 
B arnes loam 0.188 0.20 4 0.19 1  0. 194 
C rof ton silt  loam 0.204 0.205 0 .20 1 0.203 
Centr al s andy loam 0 . 136 0.165 0.224 0 .175 
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Infiltration and Runoff 
Antecedent S oil Moisture 
The amount of water in a soil has a definite effect on the strength 
of that soil and, hence, on its ability to withstand erosion . As the 
soil's moisture content increases, the intergran ular bonding in the soi l 
is weakened and the soil offers less resistance to erosion. 
Anteced� nt soil moisture conditions p rior to rainfall  application 
are p resented in Table 3 . Soil was very dry a t  the b eginning of all 
tests, with moisture r ercenta ges approaching th e 15 atmosphere point for 
all soil s (Figure 17) .  Hence, the relativel y l ong p eriods of time before 
runoff and soil l oss began after the start of rainfall a s  s hown in 
Table 4.  Runoff b egan on the Crofton sil t loam first, b eing the soil 
with the l owest infil tration rate and hydraulic conductivity . Runoff 
began last on Central sandy l oam which had the hig he st i nitial 
infiltration rate and mea sured conductivity . Drainage was j ust the 
_opposite, with water p assing th rough the soil l a yer and out the bottom 
first on Central soil and last on Crofton soil . Central soil has a 
much lower water h ol ding cap acity t han either of the other t wo soil s.  
Hydraulic Conductivity 
Th_e hydra ulic conductivity of a soil wh ich is the readiness with 
which a mate. rial pe rmits the passage of water (16) , is defined as  " th e  
flux of water p er unit gradient of hydraulic p otential" (33). It is 
directly related to infil tration in that infiltration normall y cannot 
Table 3. Antece dent moisture content of rainulator plots. 
Ba rnes loam 
Before rain 
After 12.57 cm rain 
After 17 .15 cm ra in 
Cro fton silt loam 
Befo re ra in 
After 11.81 cm rain 
Afte r 16.36 cm ra in 
Central san dy loam 
Before rain 
After 12 .50 cm ra in 





3 4. 4  
3 8.7  
10 .6 
29.0 
3 4. 8  
4.5 





43. 1  
10. 6 
3 8. 0  
6. 0 
21 . 3  
5 1  
Tab le 4 .  T ime and rainf all to init i al runoff  and 
drainage for are a b etween rills  
T ime t o  Rain£ all depth Time t ill 
ini tiate till runo ff  drainage 
runoff  b egins b egins 
min cm mi n  
Barnes loam 4 1  3. 12' 65 
Crofton s ilt 3 1  2. 67 140 
loam 
Cent ral s andy · 53 4.02 30 .5 
lo am 
52  
Rainf all depth 
til l  drainage 
b egins 
cm 
4 � 95 
10 . 6  7 
2.20 
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exceed the hydraulic conductivity of a soil under completely saturated 
conditions. An except ion to this is the presence of high suction 
gradients acr oss a surface which may pu ll water through the surface at 
faster rates than would be indicated by the hydraulic condu ctivity. 
Hy drau lic conductivity cannot be reliably predicted on the basis of 
bulk density, moisture-holding capacity, or mechanical analysis (36). 
Resu lts of satur ated condu ctivity measurem ents using the falling 
head method (40) are listed in Table 5.  The tests were run with soil at 
the h ulk densities shown. Th ere was a great de al of variation in the 
results as is indicat ed by the confidence intervals shown. This 
variation is inh erent in most saturated conductivity measurements. 
Also shown in Table 5 is the effective conductivity for the three 
soils as calcu lated from the rate of water moving throug h  the plot 
during the run and draining out th e bottom of the plot. For the Barnes 
and Central soil , the amount of water draining out the bottom reached 
a peak at some time during the run and then had a tenden cy to leve l off 
at some relatively constant value. For the Crofton soil, drainage 
through the soil layer was too small to be measured accurately. On 
runs on the small plot, where the water was applied for 6 to 7 hour s, 
flow through the soil peaked at several times during the test as 
indicated in Figure 18.  This behavior does not resemble that of a soil 
being wetted to saturation as in the falling head method of condu ctivity 
measurement. These flu ctu ations in flow values were related to 
variations in the infiltration rates which in turn , can be associated 
with surface seal formation. Measurement of other parameters indicates 
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Table  5. Bulk densit ies and hydraulic conductivities 
of the three soil types tested 
Db* Ksat 95 percent � K t K
=F 
E s 
(f alling head) confidence top (from run ) 
limits, ( tiK) 7.62 
cm 
g /cc cm /min g /cc cm /min cm /m :in 
Barnes 1.13 0 .013 8 0.01 84 1.005 0.0 420 · o  .00 30 
loam 
Crof ton 1.15 0 .0 106 0 .01 42 1 .06 5 0 .0109 0 . 0007 
silt 
loam 
Central 1.33 0 .16 82 0.2248 1.297 0.0430 0.00 80 
sandy 
lo am 
* l\ = Bulk density , g /cc. 
t KE = The effec tive or apparent hydr aulic conductivity for the 
entire soil depth of 21 .59 cm. 
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t hat t he format ion of a surface seal is not a smoot h, cont inuous 
process. Rat her, a maximum flow resistance value is reached and t hen, 
wit h cont inued rainfall, it breaks up, only t o  reform again. 
Table 5 also includes t he average calculat ed Ks values for t he t op 
1 cm layer of soil which would include any surface seal. These 
calculat ions were made using Darcy' s equat ion and t he me asured wat er 
t ensions at a depth of 1 cm as follows: 
where KE = t he effect ive or apparent hydraulic conduct ivit y of t he 
t ot al soil layer, cm/ min 
[ 3 ] 
H = t he t ot al pot ent ial head at the soil surface, 21 . 59 cm of wat er 
L' = t he t ot al depth of soil th rough which t he wat er pesses, 
2 1 .  59 cm 
Ks = t he hydraulic conduct ivit y of t he surface lay er, cm/min 
H 1 = t he t ot al pot ent ial across t he surface layer or H - $, cm of 
wat er where � is t he soil water tension at 1 - cm dept h 
L1 = t he depth of the surface layer, cm 
From t he calculat ed values of K8 , it is apparent t hat t he hydraulic 
conduct ivit y of t he surface layer is considerably less t han t he 
effective conduct ivit y of t he ent ire soil bed indicat ing t he presence 
of a flow res t rict ing layer at or near t he surface. This agrees wit h 
measurements of t he b ulk densit y of the t op 5 nun layer of soil which 
indicate that i t  is more dense or tightly packed than the un derlying 
soil (Table 5) . Bulk density is discussed more fully in another 
section of this report. 
Soil Wate r  Tension 
5 7  
A t  the start of a test, the conductivi�y characteristics of the 
entire plot surface were approximately the same throughout the entire 
depth of soil� How eve r, shortly after the application of simulated 
rainfall, a surface seal usually began to form. This seal, or crust , 
has a h igher density , finer pores, and a low er saturated conducti vity 
than the un derlying soil ( 10 1). With the additional energy of imp acting 
waterdrops on the soil surface, this seal becomes tight and 
restrictive to water movement through it. At the same time, how ever, 
as the conductiv ity of the seal decreases, the matric pote nt ial, or 
suction gradient, across the seal increases (24). This increased 
suction gradient can partially offset the decreased conductivity of the 
surface seal and help draw water through it at a rate higher th an would 
be indicated by the saturated conductivity of the seal. Nevertheless, 
the net effect of  the seal is still to decrease the amount of infiltration 
that occurs, thus increasing runoff and soil loss. 
The rill s, which had water flowing in them , were partially protected 
from the impact of the falling raindrops with the consequence that 
the formation of a surface seal in the rills may have progressed more 
slowly or pos sib ly not at all . Soil water tension measurements w ere 
taken in an at tempt to determine this. 
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Soil water 'tensions during the tests f or the 2 1 . 59 cm deep 
soil b ed are shown in Figures 19 A, 19 B , and 19 C. Measured tens io ns 
were highest in the Crofton silt loam and least in the Central sandy 
loam. If high tensions across the top centimeter lay er of soil can be 
presumed to indicate the presence of a surface seal, or crust, th en a 
surface seal developed on all three soils in the area between the 
rills and to a lesser extent in the rills themselves. The seal · 
however, was more well defined on the Crofton and Barnes soils, with 
tensions up to 18 cm and 16 cm, respectively, and least defined on 
Central soil which had tensions to only 6 cm. 
Soil water tensions in the between rill areas decreased with 
depth of soil on all the soil types showing that a suction gradient 
did exist across the seal. This is shown in Figure 20 . This was 
generally true in the rills as well at deeper depths, altho ugh the 
measured tensions never got as high in the rills as they did in the 
areas between t he rills (Figure 2 1).  At 1 cm depth, the high tension 
values did not occur and the presence of a seal was not as apparent 
except on the Crofton silt loam. 
The formation of a surface seal appears to be a function of th e 
impacting raindrops altering the structure of the surface soil. The 
seal is formed and then, through continued action of raindrops, it is 
broken up only to refo rm again almost innne diately. This process 
continues throughout a rainstorm and accounts for fluctuations found 
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Figure 2 1 .  Soi l  wa ter tens ion versus  depth for a Be rnes 
soil a fter 300 minutes  o f  ra infa l l  
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The results  show tha t a layer of flowing wa ter on to p of the soi l 
ac ts as a buffer to the pounding action of the r aindro ps. Where a 
surfa ce seal has no t alrea dy fo rmed i t  will preven t the forma tion of 
a well defined seal , and where a seal is ·already presen t ,  the flowing 
wa te r  will tend to bre ak i t  up. Figure 22  illus tra tes this by comparing 
soil wa ter tensions in a rill and on ei ther side of a rill . For 
the firs t 210 minu tes of rainfall on the small plo t ,  no extra flow was 
in troduced into the upper end of the rill and the length of the plo t 
was insufficient to allow the accumula tion of much flow in the rill. 
D uring· this period , tensio ns were similar for bo th the rill and the 
area around the r ills. When extra flow was adde d to the upper end o f  
the rill, wa ter tension s in the rill dropped rapidly and remained 
subs tan tia lly lower than wa ter tensions in the areas on ei ther side 
of the rill. Figure 23 also illus tra tes this by showing wa ter 
tensions along the leng th o f  the rills in the s tandard tes t plo ts after 
150 minu tes of rainfall. The f ar ther from the top of the plo t , the 
grea ter the concen tra tion of wa ter in the rills and ,  hen ce , the more 
pro tec t ion offered from the falling raindrops. This resulted in lower 
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Figure 22 . Soil moisture tension within a 
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Figure 23 . Soil water tens ion a long a r i ll  a t  a depth of 1 cm a fter 150  minutes of ra infa ll  
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S oil Resistance to Penetrati on 
Figures 24 and 2 5  show a comparison of tensiometer readings versus 
penetrometer readings for tests on Barnes soil. Tensiometer readings 
at the 1 cm depth lagged behind the penetrometer readings in the 
penetrometer test by approximately 5 minutes in t he rill nnd about 
12 minu tes in the plain. Also, the penetrometer readings fluctuated 
widely, especiall y on the Barnes soil. However, most of the prominent 
points of reversal on the plot of the penetrorneter reading s were 
matched on the plot of the tensiometer readings (with the lag), 
indicat ing that the tensiometers did reflect the general pattern of 
water tension across the surface seal. The actu al magnitud e of the 
tensiometer readings may not be absolute due to fluctuations in 
tensi ometer  response. This is a result of the method of placement and 
variations in the flow regime around the tensiometer. 
For both the B arnes an d Cro fton soils, the soil in the area 
between the rills was very loose and uncompacted and offered essentially 
no resistance t o  the penetromete r before wetting. S oil in the rills 
was slighlty more compact ed as a result of the formi ng of the rills and ,  
thus, off ered some resistance t o  the penetrometer. As  rainfall was 
applied, resistance to penetration in the area between rills increased 
very rapidly, exceeding that in the rills and remained greater for the 
duration of the rai nfall. Apparently a crust formed quite early in the 
run and formed a peak at approximately 15 minutes afte r the beginning 
of the run .  Later in the test it broke up or at least beca.me less 
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At the completion of rainfall a pplication, the surface crust 
h ardened rapidly as would b e  expect� d. Penetrometer readings decreased 
to about 4. 4 mm after sever al hours on the area that had been subjected 
to 5 to 15 mi nutes of rainfall and decreased to only 1 nun on the areas 
that had receive d more rainfall tharL that. 
By carefully shearing away the soil in layers so as to be able to 
take penetrometer measurements at 5 and 10 cm depths, resistance ' to 
penetration of Crofton silt loam was foun d to decrease with increas ed 
depth. This i s  shown in Figure 26 . This also corresponds with t h e  water 
tension measurements obtained. Crofton soil is the only soil on which 
penetrometer measurements at different depths were taken. 
Bulk Density and Porosity 
Porosity is an important parameter of soil condition b ecause, 
throug h its effect on water conduction and temporary water storage in 
large pores, it affects infiltration, which in turn will have an 
influence on runoff and erosion. Porosity is directly related to bulk 
dens� ty as follows : 
2 . 6 5  - D b x W  
PW 
= [ 4 ] 2. 6 5  
where PW = porrn:; ity in cm 
� = average bulk density in g/cc 
w = thick ness of the sampled lay er in cm. 
In this instance, b ulk density was measured with a 7 � 62 cm Uhland core 
sampler, hen ce, the thickness ·of the sampled layer equaled 7 . 6 2  cm. 






Figure 26 . Depth of penetra t
ion versus soil  depth ­
Crofton s oil 24 hours a fte r  r
a in fa ll 
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and large clods; was laid in the plot in layers with each layer being 
lightly tamped. The obj ective was to arrive at a bulk density of 
approximately 1. 05 .  Table 6 shows the initial bulk den sity of the 
surface 7 .  6 2  cm of soil in each plot prior to testing as well as the 
initial porosity. Porosity has units of len gth and is the cm of 
initial porosity p er initial 7. 6 2- cm layer. Table 6 shows the change 
in bulk density and porosity, both in the rills and in the area 
between the rills, after the application of water. Measurements were 
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not made in the rills after the first application of 6 . 35 cm of water, or 
" A" run , since the rills were then lin ed with rubber for the remaining 
tests, preventing an y infiltration or effect from impacting raindrops. 
In order to furth er substantiate the presence of a dense surface 
layer or cru st, measurements of bulk density were made of the top 
0 . 5 cm layer of soil on a Barnes plot after several hours of simulated 
rain fall. This was don e on the small 6 1  by 6 1  cm plot by taking small 
core samples 4 cm in diameter and 0 . 5  cm deep from th e surface. Table 7 
shows the average change in bulk density of the top 0 . 5  cm and 7.6 2  cm 
layers. 
Before rain fall both the area between the rills and in t he rills 
had essentially the same bulk den sity. After the rainfall application 
the rills had a 4. 9 percent greater bulk density than the area between 
the rills. During the run , density of th e soil surface within the rills 




- - - - g/c c  
B arnes loam 
Before r ain 1.0 21  
Af ter 12. 5 7  1. 15 1 
cm r ain 
After 17. 15 1. 140 
cm r ain 
Crofton si lt loam 
Before r ain 1.0 24 
Af ter 11. 8 1  1 . 2 48 
cm r ain 
After 16.36 1. 158 
cm r ain 
Centr al sandy 
loam 
Before r ain 1.167 
After 12.50 1.33 2 
cm r ain 
After 17.07 1 .  376 
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Tab le 7. Change in bu lk density o f  Ba rnes soil in top 7. 62 cm 
and surfa ce 0.5 cm of soi l after 6 hours o f  simulated rain-
fa ll at 5 .6 cm per hour .  
Be fore rain 
After rain 
Between ri ll 
0 .5 cm 7.62 cm 




1 . 037 
In the rills 
0.5 cm 7.6 2 cm 
0.872 
1. 182 




increased by 25 ·percent compared wit h an increase of only 19 percent 
in the area between the rills. Howev er,  in the top 0 . 5 cm layer, bulk 
density i ncre ased by 36 percent in the rills and 31  percent in the 
area between them. 
Density of the top 7 . 6 2 cm was uniform before the run. After th e 
run the upper 0 . 5  cm in the area between the rills had a density 9 . 7  
percent greater than that of the underlying soil and the upper 0 - 5  cm in 
the rills had a density 8.6 percent greate r than that of the underlying 
soil. Thus, while a heavier more dense surface layer did develop in 
both the rills and the area between them, the fonnation of a crust was 
more well defined in the between rill areas. These observations were 
also borne out by the soil water tension readings taken during the 
runs. The re was a greater difference in soil water tension bet ween 
the 1 cm depth and the 5 cm depth in the area between the rills than in 
the rills. Overall density of the plot increased 23 percent due to 
settling and the compacting effect of the falling raindrops, but more 
general comp act ion occurred in the soil beneath the r ills than in the 
rest of  the plot. 
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Infiltration 
Figure 27 shows the infiltration rates of the three soil types. As 
expect ed, infiltration decreased steadily w ith time, reaching a steady 
rate during the third or "C" runs in most cases. The remov al of rainfall 
energ y during the " C" run s without changing the application rate had 
little effect on infiltration becaus e, by this time, the s oil was in a 
saturated condition . Also, there was still sufficient splash action to 
maintain a surface seal. Tensiometer meas urements show ed no appreciable 
breakup of the seal during the "C" runs. Infiltration on th e Central 
sandy loam started out higher than infiltration on the other two soils , 
but after about 30 minutes of rainfall it approached and then paralleled 
quite closely the infiltration on Barnes loam. This was partly due to 
t he fact that i n  a natural field condition, Barnes soil is underlain by 
a less µ ervi ous sub soil. However, in the laboratory , the plot had a 
ventilated s ubfloo r  which allow ed essentially free drainage. Conse­
quently, with no restricting sublay er there w as more infiltration and 
less runoff frc m the experimental plot than there would be in the field. 
This phenomenon w as not as significant in the case of the Central soil 
which has a more pervious subsoil and thus, even in the field, is w ell 
drained. 
When th e saturated conductivity of underly ing soil is high, this 
creates a demand to the developing surface seal to supply or allow the 
passage of w ater through it. This in turn generates_ a high suction 
gradient necessary to move th� required volume of water through the 
sur face. If th e· saturated conductivity values are low, the d ownward 
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movement of water is slower wh en considering similar moisture content s 
and tensions. Therefore, t he demand f or water through the surface is 
less. Conse quently, lower gradient s are needed to supply water t o  soil 
under the seal at a rate equivalent to the conductivity of the un<ler­
lyi ng so il. However, the suction gradient across the surface seal of 
the Barnes soil was much greater than across t he surface of the Central 
soil. T his greater s uction could have increased the downward flow of 
water through the seal, resulting in an infiltration rate almost equal 
to that of the more perv ious Central sandy loam . Though surface seals 
may have low con ductivities, strong suction gradients across the seals 
may move water t hrough it at rates considerably greater than the 
saturated conductivities of the seals. 
Infiltration rate on the Crofton soil averaged abou t 0. 0 1  cm per 
minute l ess than the inf iltration rates on the other two soils. Although 
there was a high suction gradient across the surface as measured by the 
tensiometers, the me asured saturated conductivity of Crofton silt loam 
is lower than that of either Barnes l oam or Central sandy loam. 
Therefore, the demand for water is less. 
The f ollowing procedure was used to determine inf iltration in the 
rills: since runoff and soil loss rates had nearly equilibrated for 
the final 30 minutes of the "A" runs, an infiltration rate for the 
areas between the rills could be ass umed b ased on these average final 
infiltration rates, s ho wn ·in Figure 27 , and the measured runoff and 
infiltration rates in the between rill areas on the "B" and " C" runs. 
Rill infiltr ation was zero on th ese runs due to the rub ber seal. 
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Infiltration in ·th e  rills was then calculated b y  the rel ationship : 
[ 5 ]  
where IR = average infiltration in 
the ril ls, cm/min 
PR = precipitation in the 
rill, cm 
QI 
= inflow into th e rill at th e upper end, 
cm 
WR 
= wasb i nto the rill from the area between
 the rills , cm 
Qo 
= outflow from th e rill at the lower end,  c
m 
AR 
= area of the rill, cm 
D = d uration of the rainfall, min. 
P R, Q1 , Q0
, AR, and D a
re known from measurements and WR is
 calculated 
from 
[ 6 ]  
where P B = precipi
tation in th e area between the rills
, cm3 
ls = infiltration in the area between th
e rills, cm3 
QB = flow off t
h e lower end of th e area between th
e rills, cm3 
Values of IR and IB are show n
 in Table 8 .  Calculated average ril
l 
infiltration rates were from 58 to 8
8 percent gre ater th an the average 
infiltration rates in the areas betw
e en th e rills . These values can be 
compared with the d ifferences in soil
 water te nsions me asured in 
the rills and between th e · rills for th
e same portion of the tes t 
(Figure 19 ). Th e presence of a seal w
ould be expected to restrict or 
lower infiltratio n. This was borne ou
t by the measurements. In the 
Tab le 8. In.filtration rates for the fina l 30 r.tlnutes o f  
the A runs 
Barnes loam 
Cro fton silt loam 
Centra l sandy loam 
Infiltration in 
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rills, flowing water e ithe r p reve nts or re duces the formation of a 
surface seal and, hence , infiltration rates remain c omparative ly h ig h. 
In the are as between the rills where there is not as much effe ct of a 
protective layer of flowing water, soil wate r te nsions indicate d 
the buildup o f  a surface seal which restricts infiltration. 
Runoff 
In Table 9 are listed total amotL�ts of runoff per centimeter of 
rainfall. These are compare d with average amounts of runoff per 
ce ntimete r of rainfall re ce ive d from cu ltivate d fall ow e xpe rimental 
field plots of the same soil ty pe from a previous re search study ( 119). 
In this study, fallow plots were established in the field on se ve ral 
diffe re nt soil type s, i ncluding Barnes loaru and Ce ntral san<ly loam . 
The plots were plowed, disked, and harrowed and a rainulator was used to 
apply two stan dard rainf all applications to them. One was when the soi l 
was in a comparatively dry initial condition and one was with the soil 
in a wet initial condition . Re sulting wate r losses from the Barnes and 
Ce ntral plots are those shown in the table . Runoff from the sandy loam 
is quite similar between field and laboratory conditions while for the 
loam, runof f is mu ch le ss in the lab oratory than in the fie ld. Since 
all soils we re h an dle d in an identical manner and plot beds were 
e stablished as clos ely as possib le to re semble natural field conditions, 
the diffe re nce in runoff am ounts be tween field and laboratory re sults 
on the Barne s soil was attributable to the di ffere nce in subsurface 
conditions. No  data was available for comparable field plots on Crofton 
silt loam. 
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Table 9. · Total run off per unit are a per cm  of rain fall 
Ba rnes l oam 
Crofton silt loam 
Central sandy l oam 
* No field data 
Lab orat ory plot 
Beginning Beginning 
with a dry with a wet 
condition condition 
Field plot  
Beginning Beginning 
with a dry with a wet 
c ondition condit ion 
- - - - - - - - - - cc /cm2 / Clll  - � - - - - - -
0.124 0.509 0.5 2 8  0.74 8  
0 .201 0.541 ---* _:,__* 
0 .101 0 .401 0 .099 0 .416 
av ailable for Croft on silt l oam . 
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The fact that subsurface drainage affected r unoff so severel y on a 
loam soil in the laboratory when compared with natural field soil 
losses indicates a need fo� inclusion of an infiltration te rm in any 
effective soil erosion model . A term describing th e subsurface drainage 
characteristics of an area in  question is also needed. 
Of that runoff originating in the area between the rills, 90 to 9 6  
percent spl ashed or flow ed into the rill s and was carried off the . plot 
in rill flow (Table 10). The calculations assume that the amount of 
water wh ich was spl ashed out of the rills w as neglieible. This 
assumption is logical when considering the depth of flow in the rills. 
Wh en the average depth of flow is greater than about three-drop diameters, 
the amoun t  of splash is. very small (6 8). The water depths shown in 
Table 11 for fl ow in the rills approach th is criti cal depth £ or th e 
average size of drops formed by the rainulator (56) . Water that splashed 
off the pl ot was not measurable. How ever, the onl y splash l oss that 
would be of concern w ould be that which spl ashed off the low er end of 
the area betw een the rills minus that which splashed off the upper end 
of the area betw een the rills. This would be a very small amount comp ared 
to the total runoff from the pl ot. 
Table 10 . Transpo rt route of runoff origina ting b etween rills 
Ba rnes loam 
Rill 
Between rills 
C rofton silt lo am 
Rill 
B etween rills 
Centr al s andy loam 
Rill 
B etween r ills 
Final 30 min 
of A runs 
9 1 . 4  
8.6 
9 2 . 4  
7 .6 
97. 6 
2 . 4  
B runs C runs 
- - - - p ercent - - - - - - - - -
89 .3 89 .. o 
10 .7 11 .0 
88 .7 9 1 . 8  
11.3 8 .2 
9 5 . 3  9 6.1 
4 .7 3 .9 
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Tab le 11. Average flow veloc ities an d depths after soil loss 
and runoff rates had e qu ilibr ated 
Rills Between rills 
Velocity Depth Velo city Depth 
cm /sec mm cm /sec mm 
B arnes 30.0 < 5.00 4.0 < 0. 15 
loam 
Crofton silt 37.0 5.50 3.0 0.12 
lo am 
Centra l sandy 36.0 < 2.00 1.5 0.0 8 
loam 




Figure 2 8  is a schematic illustrating 
th e various sources of s oil 
loss fr om the plot. Th e total soil l
oss, Q ,  from an entire plot is 
equal to the sum of th e soil losses 
coming �ff th e three areas b etwe en 
the rills, Qp , and th at coming out o
f the two rills thew.selves, Q8. ,  or
: 
3 2 [ 7 ] 
Th e total soil loss from an area b etween two rills is 
[ 8] 
and the total soil loss from one rill is 
[ 9 ] 
where Qp 
= total soil loss originating in th e area 
between two rills 
QPB 
= soi l in surface flow off the bottom of 
th e area 
QPR 
= soil in surface flow into the rill on
 one side 
5PB =
 soil in splash off th e bottom of 
th e area 
8PT 
= soil in splas h off the top of th e area 
5PR 
= soil in splash into one rill 
QRR 
= total soil loss originating in one rill 
QR 
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Figure 28 . Schema tic i llustra ting the various 





It is  assumed that once the soil was washed or splashed into the rills, 
amounts that might be splas hed out again were negligible. QPB ' SPB ' SPT ' 
and QR were measured directly whereas QpR and SpR were calculated from 
QPR = Qp B (side area) - Qp B (center area) [ 10 ]  
and 
[ 11 ]  
when QRR = 0 as in the case of the "B" and "C" runs where the rills 
were sealed. 
Runoff and soil loss from the two side areas w as much greater than 
in the center area. Since there were no rill s alo ng the two sides 
of the plot, soil and w ater which normally w ould have run into these 
rills was deflected b y  the metal borders of the plot bed and forced to 
follow these borders down to the sill plate at the end of the plot. 
I t  was measured w ith soil and water coming off the bottom of the side 
areas at this point. Soil which normally would have been splashed into 
the side rills had they beeri there w as splashed into the side collection 
troughs and measured separatel y. Thus, by relationships [ 10 ]  and [ 11] , 
it was possible to determine that soi l loss which was carried to the 
rills by splash alone as well as that carried by a combination of splash 
and runoff. Water splashed into the si de collection troughs was 
combined wi th excess rainf all falli ng on the border areas an d, hence, 
could not be measured separately.  
Tab le 12 pr� sents the sources and percentages of all s oil losses fo r 
the three soils tested. 
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Table 12. · Source o f  soil losses afte r soil loss rates had 
e qu ilib rate d (one rill and cente r are a) 
Barnes Pe rcent Cro fton Percent Cent ral Pe rce r-t 
lo am of to tal sil t  o f tot al s andy o f  tot al 
lo am lo am 
g g g 
Between rills 
In splash o f f  23.3 30.3 24.0 
bottom ( SpB) 
In spl ash o ff 18.3 2 2.3 33.0 
top (SpT) 
Total 4 1.6 4. 1 5 2.6 6.3 5 7.0 4.4 
In spl ash into 134.9 13.3 45.0 3.5 
rills (SpR) 
In flow into 4 70 . 0 46.5 518.0 39 .9 ---
(QPR) rills To tal 60 4.9 265.2 31. 7 563.0 
In flow o f f 117 . o  11. 6  5 7  . o  6.8 8 4.5 6.5 
end (QPB ) 
Total between 763 .5  37 4.8 70 4.5 
rills 
Rill (QRR) 24 7. 9 24.5 46 2.8 55. 2  593.0 4 5.7  
Total loss (Q) 10 11.4  837.6 129 7.5 
8 8  
Figures 29 A, 29 B, and 2 9 C  show the amounts of soil carried off i n  
the runoff and in the splash from the ce nte r area between the two rills 
on all three soils. Soil carried in splash averaged abou t 45 percent of 
that carried in runoff for a Barn es soil, 64 percent for C rofton and 
43 percent for C entral. T his does not me an that this mu ch soil w as 
removed from the area by splash. I t  means that the amount of soil 
being detached and carried by splash and, thus, availab le for trans port 
off the plot at any particular time , is positively c orrelated to the 
amount of soil being carried off the plot in surface runoff. I t  can 
b e  assumed that wh atever soil was splashed off the sides of the area 
w ould be compensated for by equivalent amounts of soil being splashed 
back into the area from adjacent areas. Thus, Spp , or that soil which 
splashed from the side areas into the side collection troughs, was not 
considered in calculating the total soil loss . O f  the soil that is 
moved from an area between rills by splash action, 56 percent traveled 
farther than 6. 35 cm, or the width of a rill and, hence, wa s splashed 
to the adjacent area whil e 44 percent w as splashed directly into the 
rills. 
Net downslope movement of soi l transported from the are a in splash 
was that carri ed in splash off the bottom minus that carried in splash 
off th e top. This amounted to a total of 56 g or 1 percent of the 
total downs lope movement of soil from the area on B arnes soil, 35 g or 
0 .  9 percent on C rofton, and 111 g or 1. 7 percent on C entral. The 
maximum rate of net d owns lope movement of soil by s plash was 2 .  73  g/min 
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Barnes s oil , decreasing to 0 . 13 g/ min f
or most of the remainder of the
 
run. On C rofton soil it was a maximu
m of 0 . 6  g/mi. n at 17 minutes wh
ile 
there was negligible downslop e movemen
t of C entral soil due to splas� 
at any time. 
Soil carried in spl ash was correlated 
to the soil carried in the 
runoff from the p lot. This would indica
te that rainfall impact energy 
was the p rimary cause of the sheet erosio n 
that occurred during the 
tests. G ully erosion or s_evere scouring 
of the rills is a function 
of flow energy. Under the circumstan
ces of this exp erimen t, flow energy 
was small p ecause flow p aths were short 
and flow rates and veloci ti es 
were insufficient to cause any appr
eciable degree of scouring . 
T able 13 shows the average rates o
f soil loss for the rills and the 
areas between the rills for the th
ree soils with and without the 
p resence of rainfall energy. Remo
val of th e energy of imp act ing 
raindrops without decreasing the r
ate of ap p lication of rainfall 
reduced the total soil loss from t
he area between the rills by 91,  9
4, 
and 90 p ercent for Barn es, C rofton, 
and Central soils, resp ectively. 
Soil los ses from th e rills themsel
ves were not measured directly in 
the absence of rainfall energy.  W
ithout energy, soil that was actua
lly 
splashed off the area between the 
rills was only 2 . 4  p ercent of that
 
which was splashed off due to uni
mpeded rainfall. T his further 
indicates that the maj or source of
 energy for detaching soil p articl
es 
on a relatively unrilled area is de
rived from the imp act of falling 
raindrop s. 
Table 13 . Aver age rates of erosion after so il lo ss rates h ad 
equilibrated 
Ba rnes loam 
En ergy present 
En ergy remov ed 
Crofton silt loam 
En ergy pr esent 
En ergy remov-ed 
Central san dy lo am 





3 .  70 
Be  tween r ills 
mg/ cm /min - - - -
1.20 
f 0. 1 1  
0 . 60 
0 .03 
1. 10 
0 . 1 1  
93 
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Soil losses' followed the same pattern as runoff, there being ver y 
little difference in soil loss per unit of EI (91) between the 
lab oratory tests and the field tests on the Central sandy loam and a 
large reduc t io n  in soil loss per unit of EI on the laboratory tests on a 
Barnes loam c ompared to the field tests (Table 14 ) . Again , there we re 
no comparab le data from field plots on a Crofton silt loam .  
Sealing the r ills to prevent an y further degradation caused .t he 
total soil loss for a 30 minut e  period  after r ates had equilibrated 
to decrease by about 17 , 37 , and 26 percent on Barn es, Crofton, an d 
Centra� soils, respectively, when compared with the soi l losses from 
unsealed p lot s. This is after adj usting for excess soil and water 
coming off the side ar eas. The t otal sur face area subject to erosion 
was d ecreased by only 14 percent as a result of the sealing. 
After soil loss and runoff rates had eq uilibrated on the Barnes 
soil , the rills eroded at a rate of 1. 5 mg/cm2 /min. This was slightly 
high er than the 1. 2 mg/cm2 /min at which the area between r ills was 
eroding. Since the shape, siz e and spacing of these rills was not 
unlike what might be found in an actual field, this would lead to the 
as sumption th at on short slopes or the upper sections of long slopes , 
the area of land occupied by rills erodes at about the same rate or at 
only a slightly great er rate than the smoother surfaces b etween the 
rills. This woul d not necessarily b e  tr ue farther downslope where 
ril l  flow increases L o  the point where mor e  s evere scourin g and 
de grading occurs. That type of erosion , r ill er osion , eventually may 
increase to gully erosion and �s pri marily a result of the energy of 
surfac e flow. 
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Table 14. · Average soil loss p er unit area p er unit o f  EI 
Ba rnes loam 
Cro fton silt lo am 
Central s andy loam 
Labora tory plot 
B eginning B eginning 
with a dry with a wet 
condition condition 
- - - - -
2 . 879 
2.611  
3.059 







with a dry 
condition 





with a wet 
condition 
- - - - - ·  -
9 . 069 
_,..._t 
4.295 
* Soi l losses from field p lots were adjust ed to a 9-per cent slope 
by· the slope steepn ess fa ctor in the Universa l Soi l  Loss 
Equation ( 1 12). 
t No field data available for Cro fton silt loam. 
Flow velo cities in the rills were on the order of 7 to 10 times 
greater than flow velocities in the area betw een the rills, and 
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rill flow depths w ere up to 50 tim2 s the flow depths betw een the rills. 
In spite of this, erosion rates or rates of soil detachment on the 
Barnes soil w ere not significantly different betw een the two areas. This 
further reinforces the theory that the primary force ini tiatin g soil 
particle detachment is the energy of impact of falling raindrop s rather 
than the energy of surface flow, especially on more cohesive soils. 
Once the particles w�re det ached, howeve r, the combined action of 
surface flow and drop splash transported 80 percent of them off the 
area between the rills (Table 1 5). 
Central soil has a much low er aggregate stability index and is 
much less cohes ive than Barnes soil. Crofton is  also less cohesive and 
has a much lower organic matter content than B arnes. Both are more 
susce ptible to rillin g and gully erosion in the field. For these soils 
erosion in the rills exceeded that in the plain by more than four 
times for the Crofton soil and more than three times for t he Central 
soil . On thes e soils 55 and 46 percent, respectively, of the total 
soil loss from Crofton and Central originated in the rills, compared 
w ith only 25 percent originating in the rills on the Barnes soil. Even 
though on thes e two soils, the action of flow ing water played a much 
more signi ficant  role in the detachment of soil particles than en t he 
Barnes soil, in all three cases, rainfall energy still was the dominant 
force in initiating erosion. 
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Tab le 15. S oi l  transport of f the a rea between two ri lls 
Di rect ly in Combined f low 
spla sh and spla sh 
percent percent 
Ba rne s loam 
Ene rgy pre sent 17  83 
Ene rgy rem oved 15 85 
Crofton si lt loam 
Ene rgy p re sent 1(> 84 
Ene rgy rem oved 25  75  
Centra l sandy loam 
Ene rgy pre sent 10 90  
Energy removed 11 89 
Soil Transport 
Once soil particles were detached from the plain by s plash 
action,. they were transported to the rills either by surface flow 
or by splash action or a combination of the two. Since overland 
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flow velocities were quite low, between 2 and 4 cm per second, and 
overland flow dept hs were very s mall, about" 0 . 0 8 to 0 . 15 mm (Table 1 1) , 
soil detachment by overland flow was quite minimal. This is evidenced 
by the extremely low soil losses experienced with energy removed from 
rainfall. Once the soil particles were detached, however, the combined 
action of flow and drop splash was capable of transporting them either 
to the nearest rill or off the end of the plot. 
W hile the removal of most of the rainfall energy still allow ed 
some minor splash action as evidenced by the soil losses due to. splash 
shown in Table 16, in the case where the energy of  the rainfall was 
removed only a negligible amount of soil was splashed a dis tance 
greater than 6. 35 cm, or the width of one rill. T hus, Spp = 0 and 
SPR could be determine d directly by measuring the amount of soil ln the 
side collection troughs. The total soil transport off the area between 
two rills could b e  expressed by 
[ 12 ]  
where QRR = 0 as in the "B" and " C" runs. 
' Table 16. Soil transported from plot 
Ba rnes loam 
Energy present 
Energy removed 
Cro fton silt loam 
Energy present 
Energy removed 
Central sandy loam 
Ene rgy present 
Energy removed 
Transported 
in r ills 
T ransported in 
flow o f f  end 
- - - - - - - - - percent - - -
82 1.3 
70 2 6  
75 1 8  
66  3 1  
86 9 
81 16 
T ranspor ted 
in splash 










Percent soil t ransported in combined flew 
and splash 
(Sp T + Sp B) /3 + 2SpR = 
Qp 
Percent soil transported direc tly 
by splash 
100 
( 13 ]  
. [ 14 ] 
QR for th e case where the energy was removed was extrapolated, 
based O? the tot al Qp with and without energy. Subtracting this from 
the actual measured QR where energy was present, it was possible to 
determine the proportion of the soil carried off in the rills which 
was supplied t o  the rills by splash action. This enabled the calcula­
tion of SpR for the case where rainfall energy was present. From this 
and exp ressions ( 12 ] , [ 13 ] , and ( 14] , the quantities of soil transported 
were calculated for the case where rainfall energy was present. 
Proportions of total soil transported from t he upland, or between 
rill areas by splash and by the combined action of surface flow and 
splash are shown in Tab le 15. Soil transported off the plot by rill 
f low, surface flow, and splash are shown in Table 16 . 
For Barnes soil, with most of the energy removed from the rainfall, 
85 percent of th e soil transported off the area between the two rills 
was carried by t he combined surface flow and drop splash and 15 percent 
was carried off by s plash alone. Of that carried by splash, about 
two-thirds of it was splashed into the rills and carried off the plot 
in rill flow and the remaining one- third was splashed off either the 
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top or bottom. Wi th energy from splash ac tion presen t ,  83 percen t of 
the de tached soil was transported off the area be tween the rills by 
surface flow and drop splash and 17 percen t by splash alone. Of the 
la t ter, approxima tely two- thirds was splashed into the rills and 
one- third was splashed off ei ther end. Figures for Crofton and Cen tral 
soils were similar. 
I t  is in teresting to no.te tha t while removal of the rainfall' energy 
decreased the de tachmen t  and removal of soil particles by 91 percen t 
on Ba rnes, the percen tage of to tal de tached soil par ticles actually 
tr anspor ted by splash to the rills or off the ends of the plo t decreased 
only by about 2 percen t. Apparen tly , while the energy of impac ting 
raindrops was the primary source of soil de tachmen t ,  it  also played a 
significant role in the transport of the de tached par ticl es. Even though 
the majori ty of de tached soil is tr ansported any long dis tance by flow 
in rills, splash action plays a signific ant role in transpor ting the 
de tached particles to the rills. 
Soil Volume Chan ge 
Ne t changes in to tal soil volume were due to three causes -- a 
decrease resulting from compac tion of the soil under impac ting raind rops , 
a fur ther decrease resulting from loss of soil due to erosion , and an 
increase as a resul t of soil swelling. Tes ts were made to de termine the 
amo unt of swelling tha t might occur upon we t ting the soil. The re sults 
of these tes ts are shown in Figure 30. A t  the mois ture con ten ts of 
35, 3 8, and 17 p �rcen t to which the three soils were brought during the 
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Figure 30 . Soil swelling ver
sus soil moistµre content 
W 3  
rainulator t�s ts, Barnes, Cro fton, and Centra l soi ls show a ne t increase 
in vo lume due to swelling o f  1.7, 1.0, and 0 . 15 p ercent, r espective ly. 
In ca lculating net changes in volume o f  the  soi l in the plots, 
Table 17 shows the percentage change due to soi l swelling, soi l 
compa ction, and soil  loss . Since the soi l was in a loose and friab le 
condi tion at the initia l point of testing, compaction and s ett ling 
accounted for by far the largest proportion o f  the tota l volume 
displa ced . This is an expected phenomenon . 
Ba rnes soi l im tial ly had an average bu lk density less than that of  
Crofton soi l, and it suf fered 31  percent more soi l loss than Cro fton. 
Its tota l  volum e  change, how ever, was less because  o f  its greater 
t endency to sw ell upon wetting. Centra l soi l, on the oth er hand, los t 
13 percent more soi l than Barnes and had about a 13 percen t decrease in 
vo lume, on ly s light ly higher than Barnes. This was becaus e  it had an 
initia l bulk density considerab ly higher t han Barn es and, thus, was 
not as susce ptib le to compaction . Amount o f  soi l swelling in Centra l 
soi l was a lmos t neg ligib le.  
Tab le 1 7. Ne t ch ange in vo lume o f  soil in p lots (Neg ative sign 
indicates a decre ase in vo lume .) 
Compaction 
Ba rnes loam - 12 . 8  
Cr ofton silt loam - 18 . 8  
Cen tr al sandy loam - 12 .5 
Soil loss 
- - - - percent 
- 0. 9 
- 0 .6 
- 0 .9 
Swe ll 
1.5 




- - - - -
- 12.2 




S UMMARY AN D CONCL USI ONS 
This study was undertaken in order to bring about a greater 
understanding of the basic me chanisms involved in the erosion pr ocess. 
Only with incre ased knowledge of the fundamentals involved can the 
various mathematical relationshi ps be s uccessf ully derived f or inclusion 
in a useful computer simulation -- a simulat ion which will aid in the 
deve lopment of practices that minimiz e erosion losses from lands under­
going intensive development such as housing and industrial proj ects, 
highway construction, and other developments, as well as from agricultural 
lands. 
The maj or objective of this study was to develop an insight as to 
the relative signif icance of the roles played by various contributing 
f actors to th e erosion process. This was accomplis hed by using a 
laboratory soil bed to simulate a small, rilled upland area. 
S imulated rainf all was ap plied to the plot and all resulting erosion 
and runoff was collected and me asured. All water applied and all 
runoff was examined from the standpoint of d� termining the various 
inf iltration and runoff P. attern s in the rill and nonrill areas. All 
soil losses were studied closely to determine th eir source and mode  of 
detachment as well as their method of transpo�t off the plot .  
The f ollowin g conclus ions are made: 
1. L ab.oratory run off plots can be successfully established to closely 
simulate field plot conditions. Comparable ru nof f  and soil loss 
results can be obtaine d if pr ope� attention is gi ven to soil 
preparation, with special emphasis placed on the attainment of 
s imilar b ulk density and subsurf ace drainage conditions. 
2. During rainfall action, a surface seal forms on most soils. 
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This seal is a very thin, relatively dense, tightly packed lay er of 
soil in wh ich the structure has been largely destroyed by the action 
of im pacting raindrop s. It is more resistant to mechanical 
pene tration t han t he underlying soil as well as having a much lower 
hy draulic conductivity. This se al occurs even on relatively non ­
cohe sive soils although to a much le sser extent. High suction 
gradients across this seal decrease with depth in the soil. 
3. A lay er of flowing water on top of the soil will act as a buf fer 
to the buffeting action of the raindrops and thus, will prevent the 
formation of a well defined seal. Water flowing over a surface on 
which a seal h as already formed can result in the breakup of the 
seal or at least reduce its effectivenes s.  
4. In a rill system of erosion, the infiltrat ion in the areas b etwe en 
rills is less than t he infiltration in the rills. This is due to 
the sealing effect of the imp acting rai ndrops on exposed soil. 
Be tween the rills, initial infiltration is hig h and rapidly 
decreases as the formation of a surface seal occurs. Within the 
rills, a protective lay er of flowing runoff water soon accumulates, 
preventing the formation of an effective surface seal and allowing 
infiltration rates to remain comp aratively high. 
5. Overland flow paths are relatively short and runoff water tends to 
accumulate quite rap idly into con vey ance channels. On all three 
soils tested, f rom 9 0  to 9 6  p ercent of the r unoff originating in 
the area between the rills f lowed into a rill be fore leaving the 
pl ot. 
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6 .  While t he net mo e ment  of s oil downslope by splas h is mi nima l , th e 
to t al amount of so il c arr ied in splash at any one ti me is pos it ivel y 
co rre lated to the amoun t of s o il t ransporte d off t he plot . This 
indicat es that rainfall imp act and splash act i on is th e  primary 
so urce o f ene rgy involve d in de tach in g  soil p articles and mak ing 
them ava ilable for tr ans port off the plot. 
7 .  Reducti on o f ra infall e nergy by 89 p ercent without re ducing th e 
app l icat ion rate of water decreased to tal soi l los s fr om the are as 
betwee n rills by 9 1, 9 4, and 9 0  p er ce nt , resp ect ively, for B arnes 
loam, Cro fton silt loam ,  and Ce nt r al sandy loam. Th is indicates 
that the maj or force init iat ing s oil de tachme nt is cierived fr om t he 
imp act of falling raindrops . Th e amount o f s oil that was actually 
spl a shed off th e area be tween th e rills when mos t  of the energy of 
ra infall was removed w as only 2. 4 pe rce nt of that which was remove d 
by s plas h duri ng un imp e ded rainfall. 
8.  Depths of flow in t he rills we re on th e order of 50 t imes gr e a te r 
than the av era ge depths of ove rland flow i n the areas be twe en th e 
rills while flow veloci ties were about 10 ti mes great er. Eliminating 
the r ills as a s our ce of eros ion by an art ificial seal re duced th e 
total s urface area subject t o  e ros ion by 14 p ercent ;  howev er, tot al 
so il los s was decre as ed by only 17 , 37 , and 26 pe rce nt, re sp ect ively, 
on Barn es loam, Crofton s ilt loam, and Central sa ndy loam. 
Ther efore, on the Barnes loam there was ve rJ li ttle di ffere nce 
bet wee n t he rat e  of s oil loss on the area be t we en the rills and in 
the rills t hems elves. This indicates that surface flow, es p ecially 
on more coh esive s oils, is not ne arly as significant a facto r in 
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initiatin g soil deta ch ment as is the force of impacting rainfall. 
Even on the less cohesi ve soils such as Crofton and Central, both of 
which are more susceptible to rilling and gulley erosion than Barnes 
and on which the action of flowing water played a much more 
signi ficant role in the detachment of soil particles, rainfall 
energy was still the dominant force initiating erosion. On these 
soils, 5 5  and 46 percent, respectively, of the total soil loss from 
Crofton si lt loam and Central sandy loam originated in the rills, 
compared with 2 5  percent on the Barnes loam. 
9 .  As · with runoff, detached soil particles a re car ried overland only 
short distances bef ore collecting in conveyance channels or rills. 
For all three soils tested, 80 to 85 percent of the soil loss 
o riginat ing in t he area between the rills was transp orted to a rill 
before leaving the plot. 
10 . With most of the energy of rainfall removed, 85 percent of the soil 
that was transported off the Barnes plot was transported by t he 
combined action of surface flow and drop splash, while only 15 
percent wa� carried off by sp lash action alone. These percentages 
changed only slightly, to 83 and 17 percent, in the case where 
rainfall energy was undisturbed. Similar figures applied to t he 
Crofton silt loam plots and the Central sandy loam plots. Rainfall 
splash action, even with most of the energy of  impact removed, was 
still capable of transporting substantial quanti ties of deta ched 
particles. W hile most detached soil particles eventually find thei r 
way into rills and are transported long distances by rill flow , 
sp las h actiori. play s a maj or role i n  tran sport ing the partic les to 
the rills . 
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11. The fact that the amount of s oil b eing carried in s plas h at any one 
time is directly propo rtional to the total s oil  being trans ported 
off the plot, in th e rills further indicates that s pl ash action, as 
well as b eing the prime force involved in s oil  detachment, is a maj or 
contributor to the trans port of detach ed particles to the rills . 
12. S oil typ e plays a very s ignif icant role in determining how 
s us ceptib le a s oil  is to rill eros ion and s heet e ros ion. One of 
the important parameters determining a s oi l ' s s us ceptib ility 
to thes e types of eros ion is its degree of cohe sion. 
RECOMMENDATIONS FOR FURTHER RESEARCH 
Information from this study was intended to provid� a great er 
und erstanding of t he general process of erosion and to indicate the 
rela tive importance of th e roles played by various contributors to 
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this process. It was also int ended to indicate on which phases 
add itional emphasis should be placed . Much needs to be accomplished on 
developin g and refining expressions to adequately describ e each phase 
of th e erosion process and their interactions for inclusion in an 
effective model of the erosion system. 
Soil losses from ril ls in the absence of rainfall energy were not 
measured in this study. This information would be valuable in further 
deline ating the sources of energy n eces sary for soil detachment within 
rills. 
Inf ilt ration is also directly related to soil loss. The exact 
n ature of this relationship needs to be examined more closely th an in 
th e past in ord er to develop an expression describing the role of 
infiltrat ion in the erosion process. 
There is need for tn e development of a good single indicator of the 
resis tance of soils to detachment by flowing water and b y  impact ing 
raindrops. Literature has a preponderance of rep orting on research 
involving noncohesive materials since they are more easily handled in 
lab oratory e tudies an d offer a relatively simple analytical situation . 
There appears to be a need for a single parameter that would adequately 
des cribe the cohesiveness of a soii since, from this st udy, it is shown 
that it has a sign ificant eff ect on the ease with wh ich soil par ticles 
are detach ed. 
111 
Some of the basic characteristics that in flu
ence soil structure 
are currently being studied. T his is a c
omplicated phenomenon that 
does not len d  its�lf to quick field eval
uation of a soil' s ability to 
resist erosion. T his is a prime need fe
r use i n  an erosion model. I t  
may be that tractive force or a similar
 factor would b e  suitable for 
this purpose. If th is were true, a met
h od w ould be needed to readily 
evaluate it for different soils. Trac
tive force h as already been 
related to the ero sion of cohesive mat
erials in the laboratory ( 9 0 ) . 
Shear strength of a soil is another p
ossible p arameter which might 
be of use. Preli minary research h as 
bee n completed on relating the 
un con fined compressive strength of sa
turated, undisturbed soil samples 
to channel stability ( 3 2) . Much re
mai ns to be don e, however, to relat
e 
th is to the forces involved in fluid
 flow and imp act and their effect 
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A. Soil Profile Descriptions 
Soil : Barnes loam 
The Barnes soils are well drained Chernozems develop ed on 
calcareous loam and clay loam glacial till of Mankato (Vulders) A ge. 
Typical Profile on Sw an Lak e Exp eriment Farm i 
A 0 -5" 
A3 5-11" 
B21 11- 15" 
B22  15-22" 
Clea 2 2- 38" 
Cl 38"+ 
Black (lOYR 2/ 1) moist loam; friable; weak fine granular 
and s ub angular block y structure; w ith abrupt smooth 
boundary to: 
Very dark brown (lOYR 2/2) moist loam ; friable; moderate 
to strong fine sub an gular blocky structure;  w ith clear 
irregul ar boundary to: 
Very dark brow n (lOYR 3/ 2 )  t o  dark brown (lOYR 3/3) 
moist loam; friable; moderat e medium p risms break ing 
to moderate to strong medium subangular blocky structure; 
clear wavy boundary to: 
Brown to dark brow n (lOYR 4/3) moist loam; fri�ble ; 
moderate medium p risms break ing to strong medium sub­
angular blocky structure; clear w avy boundary to: 
Light olive brown (2 . SY 5/4) moist loam; friable w eak 
medium subangular blocky structure; strong effervescence 
w ith HCl to: 
Olive brown (2 . SY 4/4} moist w ith common medium distinct 
1ight brownish gray mottles, loam, massive structure; 
strong effervescence with HCl. 
Description by : Royce Lewis, SCS. 
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Soil : Cr ofton silt lo am 
Parent Material : Deep Loess 
Physiography:  Rolling upl ands 
Relief: Convex Slope: 12% 
Aspect: SW Drainage : S omewhat excessive 
Moistur e:  Moist to 26 inches 
Stoniness: None 
Salt oi alkali: N one 
Permeability: Moder ate 
Er osion: Slight to moderate Groundw ater: None 
Pr ofile Description: (All colors dr y unless otherwise stated. ) 
Ap -o- 7 " 
Clea 7-18" 
C2 ca 18- 2 8" 
C3 2 8-4 O "  
Grayish br own (2 . S Y  5/ 2 )  sil t loam, very dark grayish 
brown (2 .S Y  3/2 ) moist, (2 . S Y  4/ 2 )  moist crushed);  
weak fine subangul ar blocky str ucture;  hard, friab le; 
few fine and medium distinct lime concretions; moderatel y 
alkaline, calcareous; abr upt smooth boundary. pH 8.4 
P ale brown (lOYR 6 / 3) sil t l oam, dar k br own (lO YR 4/ 3) 
moist; weak coarse and medium subangular blocky 
structure ;  slightl y h ard, very friable;  many fine and 
medium distinct lime concretions, common dark colored 
w or m casts; moder ately alkaline, calcareous; gr adual 
w avy boundary. pH 8. 4 
Light yellowish brown (2 . S Y  6/4) silt loam, ligh t olive 
b rown (2 .SY 5/ 4) moist; few fine faint moist mottles of 
gr ay (SY 5/1 )  and yel lowish b rown (lO YR 5/ 8) ; w eak 
coarse and medium subangular blocky structure; sligh tl y 
h ard, very friable ;  common fine and medium distinct lime 
concretions, few worm casts; moderately alkaline, 
calcareous; gradual w av y  boundar y .  pH 8 . 4 
Light yellowish brow n (2 .S Y  6 /4) silt loam, light olive 
b r own (2 . SY 5/ 4) moist; common fine and medium faint 
moist mottles of gray (S Y 5/ 1) and yellowish brow n (lO YR 
5/ 8), few fine and medium faint moist mottles of olive 
yellow (2 .5Y 6 /6 ) ;  augered horizon slig htly h ard, very 
friable; f'ew fine and medium distinct lime concretions, 
few fine po res and root channel s; moderately alkaline, 
calcareous. �H 8. 4 
C2 40- 60 "  
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Light yellowish br own ( 2. SY 6 /4) silt loam , light olive 
brown (2. SY 5 / 4) m oist ; few fine faint moist mott les 
of gr ay ( SY 5 /1 )  and few fine distinct mott les of str ong 
brown (7. 5YR 5 /6 ) , c onnnon fine and medium distinct mois t 
mott les of yellowish brown ( l0YR 5 /8 ) ; auge red horiz on ; 
s lightly hard , very fri ab le ; few fine f aint lime 
c oncretions ; moder ately alkaline , c alc are ous. pH 8. 4 
Description by: J ames L. Driessen , SCS. 
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Soil: Cent ral s'andy loam 
The Cent ral series consist s of excessively drained, dark colored, 
sandy soils. In Stevens Count y, Minnesot a, t hey occur mainly along 
th e rivers, t erraces and in the out wash area in the sout heast corner 
of t he county, however, some small areas occur in t he uplands. 
The soil profile consists of a friable, black surface horizon 
12 inches or so t hick. It has a light sandy loam t o  loamy sand t exture. 
It is underlain by a dark yellow ish brow n loose loamy sand to sand 
subsoil t hat is quit e variable in th ickness. The subsoil is underlain 
by a s andy horizon which has accumulat ed lime leached down from t he 
horizons above. The dept h of th e limy horizon is generally around 24 
inches but in places it may exceed dept hs of 42 inches.  The sandy 
mat erial extends beyond the subsoil several feet . 
Besides the dept h to  lime the Cent ral soils vary mainly in 
t he size of t he sand grains. The lower part of t he profile is oft en 
strat ified w it h  sands ranging in size from fine to  coarse. In a few 
places very coarse s ands and pebbles are present . 
The surface an d subsoil of these sandy soils are neutral to 
mildly alkaline in react ion. The surface layer is medium in organic 
matt er, medium in t he amount of available phosphorus and low in the 
amount of avail able pot ass ium. They have rapid permeabilit y and a 
relat ively high infilt rat ion rate .  The wat er holding capacity is very 
low, which causes t he soils to be draughty. Because of the open 
structure, root s can penetrat e deep. Due to  t he lack of stickiness, 
t hese sandy soils can be t illed more easily t han most ot her soils. 
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The Cen tra l s eries consist of excessive ly drained Cherno zems 
developed in sandy g lacia l dri ft . They di f f er from the Sverdrup soi ls 
by being s andi er in the upper part o f  the so lum. They dif fer from the 
343 soi ls by not being deve loped in very fine to fine sands. 
Soi l  Pro fi le Cent ra l s andy loam, 
A 0-6" Black ( lOYR 2 /1) sandy loam to loamy sand ; c loddy breaking 
to w eak fine to medium granu lar structure ; v ery f r�ab le ; 
a brupt smooth boundary. 
Al 6-12 "  B lack ( lOYR 2 /1) to very dark brown ( lOYR 2 /2) loamy 
sand ; weak fine to medium granu lar structur e ;  very 
friab le ; gradua l  smoo th boundary. 
B2 12-2'8 "  Dark yellowish brown ( lOYR 4 /  4) sand ; sing le grain 
structu re ; loose, c lear smooth boundary . 
C lea 28-32 " Ye llowish brown ( lOYR 5 /4) sand ; sing le grain structure ; 
loos e ;  strong e ffervescence with HCL ; pebb le band a t  
32 inches, abrupt smooth bo undary. 
C2ca 32-52 " Pa le br own ( lOYR 6 /3) to light ye l lowish brown ( lOYR 6 /4) 
sand ; sing le grain, loose ; vio lent e ffervescence with 
HCL ; abrupt smooth boundary . 
C3 52 " Uncoated coarse sand ; strong e ff ervescence with HCL. 
Range in Characteristics : The thickness o f  the A horizon ranges from 
6 to 12 inches. The B horizon may be a loa my s and in the upp er part. 
The depth to the C lea horizon is variab le, ranging from 22 to 48 inches . 
Descrip tion by Royce Lewis , SCS. 
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B. Preliminary Field Test 
Before set t ing up the experimental plot indoors, a trial run was 
made in the field on a Barnes soil to ascertain the reactions of the 
laboratory test plot. A small plot, 15. 24 by 45. 72 meters, the same 
size as the laboratory plot, was laid out in the field. This plot 
was rotary tilled two times, and smoothed wit h a rake. It was 
located on a 7- percent slope. A rainulator was used to apply 4. 76 cm 
of simulated rainfall at an intensity of 6 . 35 cm per hour for 45 
minute s. Antecedent soil mois ture before the rainf all was 19 . 5  percent. 
In general, no rill pattern developed. Runoff from the plot was 
almost wholly sh eet flow, with only two very short rills about 20 cm 
long forming above the sill plate at the lower end of t he plot. Total 
runoff from the plot was 3. 48 cm, or 73  percent of the total water 
applied to the plot . Th at water which infiltrated, penetrated to a 
depth of 8. 9 cm. Total soil loss coming off the plot in the sheet flow 
was 9 . 35 kg, or equivalent to 5 . 9 8  tons per acre. 
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C. Sc reen Ba rrier Tests 
As part of the experiment , it was n ecessary to inte rcept and 
dissipate the ene rgy of the falling raindrops befo re they struck the 
soi l surface. This was to be accomplished without interfer ring with 
the rate and total quantity of water applieg. Seve ral tests we re made 
using layers of screen to intercept a single raindr op. This was done 
in a raindrop tower using high-speed photography, a film speed of ASA 
400 and the came ra ope rating at 300 0  frames per second. Table 18 shows 
the effect of inte rcepting drops of various sizes with four layers of 
o rdina ry plastic window screen spaced 0.635 cm apart with the bottom 
layer 5. 08 cm above the surface of the soi l. The drop si zes tested 
covered the range of the more common drop sizes found in natural 
rainfa ll ( 42). The dec reased drop si zes and velocities on the exit 
side of the sc reens resulted in an ave rage reduction in energy of drop 
impact of approximately 87- percent. 
-----------
Table 18. Drop velocity and volume before and af ter pass ing through sc reen barrie rs. 
Drop Termin al velo city, Volume o f  Number o f  Ave ra ge ve loci ty Average volume De cre ase 
size Vt , before s triking drop dropl ets o f  droplets of drople ts in 
di am- s creens * formed leavin g screens leaving screens ener gy 
eter 
mm cm/sec cc cm /se c cc percent 
2.9 790 0.01277 60 336 . 30  0 .0002 12 82 
4 .2 885 0.03879 60 292.67 0.000646 89 
5 . 6  90 5 0.09 195 330 299 . 74 0.0 00278 89 
* Mutchler , C .  K. Size , travel , a.nd composition of  droplets formed by wa terdrop splash on thi n 
water layers . Unpublished Ph . D. thes is , Uni vers ity of  Minnesota , 1970. 
I--' w 
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D .  Cal culation of Coeff icient of Unifo nnity 
Coeffi cient of unifo rmity for dist ribution patte rn of the water 
applied by the rainulato r (17). 
Cu = 100 [ 1 - Et' ] 
m = mean value of all observations 
n .= number of observations 
x = deviation of an individual obse rvation from the mean 
n = 9 6  
m = 22 . 5  
E j x l  = 29 1 . 5 7  
Based on last th ree calib ration runs. 
13 5 
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E .  Ca lcu lation of EI (9 1, 10 8) 
Reps I an d  I I  
A r un  an d B run 
EI = ( 1 . 8 in . /hr) (lOOO ft-T /A-in.) ( 1 . 8 in .) (0 . 8) /100 = 25.92 
C r un  
EI = ( 1 � 8) ( 1000) (0 . 13) (1 . 8) (0. 8) /100 = 3 . 37 
Rep III  
A run 
EI = (1. 8) ( 1000) ( 4 .95) (0. 8) /100 = 71 .28  
B nm. and C run 
EI = ( 1 . 8) ( 1000) (0 .9) (0 . 8) / 100 = 12 .96 
F. Calibration of Tensiometers 
Table 19 . Air entry tests of tensiometers 
Tensiometer Air entry values 
number 1 2 3 
- - - - - cm of water -
2 10 8 . 130 109 .160 110 . 000 
7 159 . 450 13 8 .  200 136 . 750 
13 190 . 320 19 5 . 100 20 8 . 600 
14 2 11 . 160 219 . 100 223 . 350 
15 321 . 300 316 . 100 32 1 .  600 
16 111 . 400 112 . 370  116 . 6 40 
1 7  153 . 500 15 3 .  450 15 7 . 350 
18 115 . 6 25 116 . 860 11 7 . 635  
19 114 . 9 20 115 . 455  121 . 0 6 5  
20 118 . 890 121 . 320  123 . 700 
2 1t 51 . 0 70 36 . 420 36 . 49 5  
2 2  132 . 59 5  136 . 400 142 . 835 
2 3t 24 . 0 85 44 . 0 35 45 . 480  
24t 5 3 , 400 51 . 735 50 . 9 80 
25t 71 . 49 5 7 4 . 9 30 64 , 325  
26  103 . 310 10 4 . 510 10 4 . 350 
2 7  10 1 . 9 45 9 3 .  9 75 9 5 .  0 30 
2 8  110 . 840 10 6 . 59 5  10 8 .  300 
* Point at which the water ·column breaks and the tensiometer 
air to enter t he sy st em. 
t Tensi ometers were discarded. 
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Average 
- - - -
109 . 10 
144 . 80 
19 8 . 01 
217 . 87 
319 . 6  7 
113 . 4 7 
154 . 7 7  
116 . 71 
11 7 . 15 
121 . 30 
41 . 33 
137 .  2 8  
44 . 76 
52 . 0 4  
70 . 25 
10 4 . 0 6  
9 6  . 92 
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T able 20 . Elevation corrections applied to tensiometer readings-­
vertical distance from transducer to tens iometer. 
Position of 
tensiometer* 
* T = top 
M = middle 
B = bottom 
= plain 
R = rill 
Subscript = 
Correction 
cm of water 
34. 9 5  
25. 9 5  
21.83 
17 . 83 
12 . 83 
9 . 64 
0 . 64 
depth ( cm) 
Position of* Correction 
tensiometer 
cm of water 
TR1 31. 14 
TR10 22.14 
MR I 18 . 0 2  
MR.5 14. 0 2  
MR1 0 9 . 0 2  
BR 1 5. 83 
BR10 -3. 17 
Example: TR1 = 1 cm depth in the rill at the top of the plot. 
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